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ABSTRACT

We report a family of cobalt complexes based on bidentate phosphine ligands with two,
one, or zero pendent amine groups in the ligand backbone. The pendent amine complexes are
active electrocatalysts for the formate oxidation reaction, generating CO, with near-quantitative
faradaic efficiency at moderate overpotentials (0.45 —0.57 V in acetonitrile). These homogeneous
electrocatalysts are the first cobalt example and second first-row transition metal example for
formate oxidation. Thermodynamic measurements reveal these complexes are energetically
primed for formate oxidation via hydride transfer to the cobalt center, followed by deprotonation
of the resulting cobalt-hydride by formate acting as a base. The complex with the strongest cobalt-
hydride bond, given by its thermodynamic hydricity, is the fastest electrocatalyst in this series,
with an observed rate constant for formate oxidation of 135 + 8 h! at 25 °C. Electrocatalytic
turnover is not observed for the complex with no pendent amine groups: decomposition of the

complex structure is evident in the presence of high formate concentrations.

INTRODUCTION

The large-scale implementation of renewable energy technologies continues to drive
interest in using chemical fuels as energy carriers to bridge the gap between intermittent electricity
availability and global demand. Within this scheme, the shift toward fuel cells to replace traditional
fossil fuel combustion is attractive for the extraction of usable energy from chemical fuels. While
H, has drawn considerable interest as an energy carrier to mitigate our reliance on fossil resources
and enable our renewable energy future,'* the challenges associated with safe storage and

transportation of H, gas have hindered the realization of a hydrogen economy.® Formic acid
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represents an appealing alternative to H,, offering distinct advantages in terms of safety, storage,
and handling thanks to its liquid state, chemical stability, low ignition point, and low toxicity.5”
Thus, the development of electrocatalysts to mediate the 2e-,1H* oxidation of formate is an active
research area to advance formic acid as an energy carrier (Figure 1a).8

Heterogeneous electrocatalysts for formate oxidation are largely based on noble metal
systems.® ! To the best of our knowledge, only three examples of homogeneous electrocatalysts
for formate oxidation have been reported to date (Figure 1b).!*!” Kubiak and co-workers disclosed
the first example utilizing a series of nickel P,N, complexes as electrocatalysts, where P,N, = 1,5-
diaza-3,7-diphosphacyclooctane.'*!> The pendent amines in the P,N, ligand were shown to be
critical for electrocatalytic turnover: the nickel depe analogue was not active for formate oxidation
(depe = 1,2-bis(diethylphosphino(ethane)). While the precise mechanism of formate oxidation
remains in question,'>!® direct hydride transfer from formate to the Ni" center to generate a Ni'-
hydride intermediate may be operative. Later work by Kang and co-workers achieved bi-
directional formate oxidation-CO, reduction using an iridium pincer electrocatalyst.'® Yang and
co-workers developed a reversible electrocatalytic system for formate-oxidation-CO, reduction
based on a platinum diphosphine complex.!” For the two noble metal systems, formate oxidation
is proposed to occur through hydride transfer.

The favorability of hydride transfer reactions can be readily quantified using
thermodynamic hydricity.!” The hydricity of the formate anion in acetonitrile is 44 kcal/mol.*® To
promote heterolytic cleavage of the formate C-H bond via hydride transfer to a metal center, the
hydricity of the resulting metal-hydride bond must be greater than this value. We?' and others?*%
have previously reported CpCo"(diphosphine)-hydride complexes (Cp = cyclopentadienyl ligand)
to have hydricities near 70 kcal/mol. Thus, this architecture should be poised for energetically
favorable formate oxidation. While select CpCo'"-hydrides have been exploited for electrocatalytic
reduction reactions including H, evolution and CO, reduction,*2¢ Co"-hydrides have not been
explored within the context of electrocatalysis.

The anticipated thermodynamic driving force for hydride transfer from formate to the Co™
center led us to prepare a series of [CpCo™(P-P)(MeCN)]** complexes 1-3 for investigation (Figure
Ic). Given the importance of the pendent amines for achieving formate oxidation at the nickel P,N,
systems'* and the proposed roles of this ligand class for facilitating intramolecular proton transfer

and transition state stabilization in several other catalytic systems,?3* we targeted complexes
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containing the P,N, ligand as well as the related PNP and dppp ligands, which have one and zero
pendent amine groups, respectively, to probe the influence of the amine functionality on activity.
Herein, we report our investigations into this family of cobalt complexes and show that 1 and 2
are active electrocatalysts for the selective oxidation of formate to CO, at ambient conditions. The
thermodynamic properties of these complexes are reported, which confirm the large hydride
affinity of 1-3. The electrocatalytic activity for formate oxidation is quantified by
chronoamperometry and controlled-potential electrolysis, revealing 2 as the best performing

electrocatalyst in this series.
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Figure 1. (a) Previous examples of molecular electrocatalysts for formate oxidation.!#!7-35-3 (b)

Cobalt complexes 1-3 from this work.

RESULTS AND DISCUSSION

Synthesis and Characterization. The PNP and P,N, ligands were synthesized following
literature procedures.’’® Complexes 1-3 were prepared by the reaction of the desired phosphine
ligand with [CpCo(CO)lL,], followed by halide abstraction using AgPF¢ (2.2 eq) (Scheme 1).* Each
complex was isolated as a red crystalline solid in reasonable yield following recrystallization from

diethyl ether/acetonitrile. These complexes are air and moisture stable in solution over several
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days. The '"H NMR spectra of 1-3 show a sharp singlet at 5.5-5.7 ppm corresponding to the Cp
ligand. The 3'P NMR spectra display one singlet for the phosphine ligand near 30 ppm. These
values are typical of CpCo™-phosphine complexes and indicate that the pendent amine groups do

not substantially influence the NMR characteristics of these systems.?!26:40-41

Scheme 1. Synthesis of complexes 1-9.
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The synthesis of the Co! (4-6) and Co'"'-hydride (7-9) complexes was adapted from literature
procedures for related systems (Scheme 1).% In brief, complexes 1-3 were treated with 2 eq
chemical reductant (KCg or cobaltocene) to obtain 4-6 as dark red solids, and subsequent
protonation with 1 eq NH4PFs yielded Co™-hydrides 7-9 as bright yellow crystalline powders. We
note that while 7-9 are highly air-sensitive, they remain stable in acetonitrile under N, for several
days. By '"H NMR, the Cp signals of 4-6 are observed at 4.4-4.5 ppm, shifted upfield by more than
1 ppm compared to the respective signals in 1-3. These chemical shift changes are consistent with
a decrease in metal oxidation state and complex charge upon reduction from [Co™-MeCN]* to
[Co']°. The signal is shifted downfield to ca. 4.8 ppm for Co'"-hydride 7-9, as expected for
protonation of [Co']° to [Co™-H]*.#>-*! The diagnostic 'H NMR hydride signal for 7-9 appears as a
well-resolved triplet at ca. -14 ppm. As with 1-3, the phosphorus ligand identity has minimal effect
on the NMR spectra for this series.

Crystals suitable for X-Ray crystallography were obtained via vapor diffusion of diethyl ether
into acetonitrile (for 3,7, and 9) or dichloromethane (for 2), or by slow cooling of a concentrated

solution in acetonitrile (for 4 and 5), tetrahydrofuran/diethyl ether (for 6), or acetonitrile/diethyl
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ether (for 8). The structures of the PNP complexes are highlighted in Figure 2. All other structures,
along with selected bond lengths and angles, are provided in the Supporting Information. The
crystal structure of 1 was previously reported by Artero and co-workers.?® As expected, all Co™
complexes adopt a three-legged piano-stool geometry based on the planar 7°-Cp ligand and
bidentate phosphine ligand. The final coordination site is occupied by either acetonitrile (1-3) or a
hydride ligand (7-9). The PNP and dppp ligands both form a six-membered metallocycle in a chair
conformation with the Co™ center, while the P,N, in 7 forms two six-membered rings analogous
to 1: one in a chair conformation, one in a boat conformation. The structures of 4-6 exhibit a two-
legged piano-stool geometry, which is typical of half-sandwich Co! complexes.?! The n°>-Cp ligand
and the P1-Co—P2 plane are approximately perpendicular. There is a general increase in the Co—P
bond lengths within each compound class following P,N, < PNP < dppp. This trend is consistent
with the greater electron donating character of the P,N, ligand in which each phosphine has one
phenyl and two alkyl groups, as opposed to the one alkyl and two phenyl groups in the PNP and
dppp ligands.

Figure 2. Structures of PNP complexes 2 (left), 5 (center), and 8 (right). Hydrogen atoms, co-
crystallized solvent molecules, and PFs~ counterions omitted for clarity. Ellipsoids shown at 50%

probability.

Electrochemical Studies. Cyclic voltammetry (CV) was used to probe the electrochemical
behavior of 1-3 in 0.1 M ["BusN][PFs] in acetonitrile. Each complex displays two reversible one-
electron reductions (Figure 3 and Table 1), which are assigned to the Co™ and Co™ couples,
respectively.!?-21.24.26.40-41 Tp a]] cases, the peak currents vary linearly with the square root of the

scan rate (v'’?), indicating diffusion-controlled electron transfer (Figures S37-S42). Complexes 2
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and 3 exhibit very similar potentials for both redox processes (within 50 mV), while the reduction
potentials for 1 are ca. 200 mV more negative. As noted above, this trend is consistent with the

greater electron donating character of the P,N, ligand.

0 05 A 45 2
Potential (V vs. Fc*?)

Figure 3. CVs of 1 (black trace), 2 (blue trace) and 3 (red trace) in acetonitrile. Scan rate = 100
mV/s.

Table 1. CV data for Complexes 1-3.¢

complex E, (V)¢ AE, (mV)“ I/i,¢ E,(V)e AE, (mV)“ I/i,¢
1 -0.64 84 1.03 -1.21 91 1.01

2 -0.47 68 0.98 -1.02 63 1.01

3 -0.42 72 1.05 -1.07 66 1.06

1° -0.95 106 1.08 -1.21 72 1.01

20 -0.83 76 1.05 -1.02 68 1.00

3 -0.75 70 1.02 -1.08 67 1.01

41 mM [Co] in 0.1 M ["Bu,N][PF¢] in acetonitrile, glassy carbon working electrode, Pt wire counter
electrode, Ag/AgNO; reference electrode. 100 mV/s. *With 10 mM ["Bu,N][(HCO,),H]. E},, =
(En + Ex)/2, where E,, and E,, are anodic and cathodic peak potentials, respectively. Potentials in

V vs. Fct® 4AE, = E,, — E,.. Y. = cathodic peak current, i, = anodic peak current.
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Thermodynamic Properties. Given the relevance of thermodynamic hydricity (AGy.) to the
oxidation of formate, we sought to experimentally determine this value for Co™-hydrides 7-9.
There are three well-established methods for measuring the hydricity of metal-hydride complexes:
here, we use the potential-pK, approach outlined in Scheme 2." In this thermochemical cycle, the
free energy associated with the Co™" and Co™™ redox couples and the acidity of the Co™-hydride
are combined with the free energy for two-electron reduction of a proton to a hydride to obtain the
thermodynamic hydricity according to equation 6.*> As noted with other systems, this value could
be considered an effective hydricity measurement since coordination of an acetonitrile ligand to
the Co™ center occurs following hydride loss from the Co'-hydride, and thus the free energy

associated with this coordination event is implicitly included in this calculation.*

Scheme 2. Potential-pK, method for determining the hydricity of Co'-hydrides 7-9. S =

acetonitrile. Reaction free energies in kcal/mol.

[L,Co"-H]* =—= [L,Co"] + H* 1.364 pK, (1)
[L,Co'] =—== [L,CO']* + e~ 23.06 E;° (2)

[L,Co"-S]* ==== [L,Co"-S]** + e= 23.06E,° (3)

H* + 2e- —= H- 79.6 4)

S

[L,Co''-H]* [L,Co"-S]%* + H- AG°_ (5)

AG°,_ = 1.364 pK, + 23.06 £1° + 23.06 E,° + 79.6  (6)

The relevant redox potentials for 1-3 were measured by CV (vide supra). The pK, of Co'!l-
hydride 7-9 was measured by UV-vis spectrophotometric titration in acetonitrile/toluene (90:10)
to solubilize both the Co'-hydride and Co' complexes.*-*! Addition of an appropriate base, either
triethylamine (pK, = 18.4)* or DBU (1,8-diazabicyclo[5.4.0Jundec-7-ene, pK, = 24.3)*,to a 0.55
mM solution of Co™-hydride 7-9 leads to formation of the conjugate base 4-6, respectively
(Figures S57-S59). From these data, the pK, of 8 and 9 are calculated to be identical within
experimental error (pK, = 19.8), while the pK, of 7 is 23.1 (Table 2), in line with the greater electron
donating character of the P,N, ligand (vide supra). The initial and final absorbance spectra in these
titrations match the UV-vis spectra of independently prepared solutions of each Co-hydride and
Co' complex. The spectra of the Co-hydride complexes show a main absorption at ca. 360 nm, and

the Co' species show absorption features at ca. 380 and 480 nm (Figures S45-S56).
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Using equation 6 with the experimental redox and pK, data, we obtain the thermodynamic
hydricity of each Co™-hydride (Table 2). The P,N, complex 7 is the strongest hydride donor in this
series, with AGy_ = 68.5 kcal/mol. The PNP and dppp complexes (8 and 9, respectively) both have
hydricity values of 72.3 kcal/mol, making these species slightly poorer hydride donors compared
to 7. Previous reports have demonstrated linear correlations between thermodynamic hydricity and
the first reduction potential of the parent complex, and pK, and the second reduction of the parent
complex for several nickel,! palladium,* and other?>#¢ hydrides. As expected, these cobalt systems
display similar linear trends (Figures S60-S61). We note that hydride affinity is given by the
reverse reaction of hydricity (i.e., hydride affinity = —AGy_): thus, the P,N, complex 1 is the
weakest hydride acceptor in this series, while PNP and dppp complexes (2 and 3, respectively)

have similar hydride affinities.

Table 2. Summary of electrochemical and thermodynamic data in acetonitrile.

pK. of AGy_ of

ligand E,,[Co1] a E,»[Co] @
Co-H Colll-H »

PN, -0.64 121 23.1 68.5
PNP 047 -1.02 19.8 72.3
dppp 042 -1.07 19.8 72.3

“Potentials in V vs. Fc*°. *"Hydricity (AGn-) in kcal/mol.

Chemical Reactivity Studies with Formate. The hydricity of formate in acetonitrile is 44
kcal/mol.*® Given the experimentally determined hydricity values for 7-9 (Table 2), the hydride
affinity of each Co'-acetonitrile complex is such that hydride transfer from formate to the metal
center is predicted to be highly thermodynamically favorable. We first sought to investigate the
chemical reactivity of 1-3 with formate under pseudo-first order conditions. Treatment of 1 or 2
with 15 eq formate (added as the soluble biformate salt ["BusN][(HCO,)H])!* in CD;CN results in
the generation of the corresponding Co' species 4 or S based on 'H NMR (Figure S71-S72). We
repeated this experiment on a larger scale in a gastight flask and sampled the reaction headspace
by gas chromatography. Quantitative formation of CO, (relative to cobalt) was observed after 150

s, confirming stoichiometric formate oxidation (Scheme 3 and Table S11). This reactivity is
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consistent with hydride transfer from formate to generate a Co"-hydride, followed by proton
transfer where formate acts as a base (the estimated pK, of formic acid in acetonitrile is 20.9).
Indeed, in separate experiments, we find that treatment of the Co™-hydrides with 10 eq formate
results in rapid formation of the Co' complexes. The addition of formate to 3 also results in
stoichiometric formate oxidation; however, the yield of CO, is lower (63 + 5%) and free dppp
ligand is observed by P NMR (Figure S74), indicating partial decomposition of the cobalt
complex. Thus, these experiments indicate that 1 and 2 are capable of key chemical steps leading
to formate oxidation and are viable electrocatalyst candidates, while 3 shows limited stability in

the presence of high formate concentrations.

Scheme 3. Proposed stepwise reactivity of 2 with 15 eq formate.
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We also examined the stoichiometric behavior of 1-3 with formate by 'H NMR. Upon
addition of 1 eq formate to 3 in CD;CN, a new species is immediately formed, assigned as the
Co"-formate adduct (Figure S75). Resonances associated with a paramagnetic species are also
observed, which gradually increase in intensity over time as the Co"-formate signals decrease.
The paramagnetic species is assigned as [CpCo'(dppp)]* based on comparison to an independently
prepared sample obtained via chemical reduction of 3 with 1 eq cobaltocene (Figure S76). After 1
h, signals for Co"-hydride 9 appear and continue to grow, reaching ca. 50 % yield after 10 h
(Figure S77-S78). Complexes 1 and 2 show comparable behavior with equimolar formate (Figure

S80-S82). We recently reported similar reactivity of a related [CpCo] complex at 65 °C, which we
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attributed to slow hydride transfer from formate, followed by rapid equilibria for the deprotonation
of the Co™-hydride and the comproportionation of the resulting Co' with Co™-X (X = MeCN or
formate).?! Here, we propose the analogous reactivity is operative with 1-3 with 1 eq formate at 25
°C (Figure S79). Note, no significant decomposition of 3 is observed under these conditions.

In this scheme, the favorability of the comproportionation reaction of Co' with Co™-X (X
= MeCN or formate) is easily obtained from the difference in Co™" and Co™ redox potentials
(Table S12). We also observe that the protonation of 4-6 with formic acid is facile and rapid — the
protonation rate constant is measured to be on the order of 10°® M~! s7! using established CV
methods (see Supporting Information).*® Additionally, attempts to isolate single crystals of
[CpCo(dppp)(formate)]* instead yielded crystals of [CpCo'(dppp)]* (Figure S9), further
supporting the presence of this species in the reaction solution.

Electrocatalytic Formate Oxidation. Our chemical reactivity studies clearly indicate that
1 and 2 can mediate stoichiometric formate oxidation to generate CO, in quantitative yield. Thus,
we also investigated their activity for the electrocatalytic oxidation of formate by electrochemical
methods. Upon addition of 10 eq formate to the CV solution of 1-3, the open-circuit potential of
the electrochemical cell changes dramatically (Figure 4a and S43-S44), shifting from ca. 0 V vs.
Fc*® (more positive than the Co™ redox couple) in the absence of formate to ca.-1.5 V vs. Fc*°
(more negative than the Co™ redox couple) with formate added to the solution. This behavior is
indicative of a significant change in the composition of the bulk solution, and is consistent with
the formation of Co' according to Scheme 3. Electrochemical oxidation of the Co' complex occurs
at the electrode as the potential is swept in the positive direction; however, the CV data shows no
appreciable enhancement in peak currents, indicating that electrocatalytic turnover is not
observable on this timescale.

The CV studies of 1-3 in the presence of formate also reveal a significant shift (ca. 300
mV) in the Co™ redox couples to more negative potentials (Figure 4a and S43-S44). Previous
work by Dempsey and co-workers showed that [CpCo(P-P)(MeCN)]** complexes undergo one-
electron reduction by an EC mechanism where reversible loss of the acetonitrile ligand occurs at
the Co! state.*>-*! Given this precedent, an EC mechanism involving formate is reasonable for the
first reduction process, where the reversible binding of formate occurs at the intermediate Co"

species. Since formate is an anionic ligand, the Co'"-formate/Co"-formate couple occurs at a more

10
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negative potential compared to that of the Co™-acetonitrile complex. The Co™ redox couple is

unaffected by the presence of formate in solution (Table 1).

(a) ® ,
+e” -S +e”
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Figure 4. (a) Cyclic voltammograms and proposed reactivity pathways for 2 (0.5 mM, black) and
2 with 10 eq formate (blue) in acetonitrile. S = acetonitrile. OR~ = formate. Scan rate = 100 mV/s.
(b) Chronoamperometry of § (0.5 mM, black trace) and 5 with 50 eq formate (blue trace) in
acetonitrile at 7 = 200 mV (E,,, = -0.27 and -0.63 V vs. Fc*°, respectively). Inset: Current ratio of

the chronoamperometry traces (red trace) and fit between 5 and 10 s (black trace).

Since no electrocatalytic currents were observed by CV, we turned to chronoamperometry
(CA) to further probe the reactivity of 1 and 2 with formate. CA methods can be utilized to extract
an observed rate constant (ko) for electrocatalytic reactions, and this approach can be especially
useful for reactions where kg, < 1 87144 For our CA studies, we started with Co! complex 4 or 5
(0.5 mM) in 0.1 ["BusN][PF¢] in acetonitrile such that an oxidative potential step could be applied
to the system. Formate (50 eq) was then added to the solution and the CA experiment was repeated.
In each case, the applied potential was held 200 mV more positive than the appropriate Co™!
oxidation potential: Co™-MeCN/Co"-MeCN or Co™-formate/Co"-formate for O or 50 eq formate,
respectively. As shown in Figure 4b, a current enhancement is achieved with S in the presence of
formate, indicating electrocatalysis (Figure 4b). The ratio of these two CA traces was fit to the

equation describing an EC’ mechanism (see Supporting Information), from which k. is estimated

11
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to be 135 + 8 h~!. With complex 4, these CA traces are identical within experimental error (Figure
S62), indicating that any electrocatalysis is too slow to quantify by this technique; we estimate the
upper limit for electrocatalytic formate oxidation to be 4 h™'.

To confirm that electrocatalytic formate oxidation is operative with 1 and 2, we further
examined the electrocatalytic behavior by controlled-potential electrolysis (CPE). In these studies,
the working electrode potential was held ca. 150 mV more positive than the Co™-formate/Co"-
formate oxidation potential to ensure rapid electron transfer. Using 1 or 2 in the presence of 50 eq
formate, a stable current was obtained over 95 min, with 2 consistently achieving higher current
densities (Figure 5). Analysis of the headspace by gas chromatography confirms CO, production
with high faradaic efficiency over multiple turnovers (Table 3). Additionally, no CO production is
observed. CVs of the solution recorded after electrolysis still show the Co™! and Co™ redox
couples associated with 1 and 2: ca. 75% of the catalyst remains intact based on the peak current
of the Co" oxidation wave recorded before and after CPE (Figures S64-S67). The analogous CPE
control experiments in the absence of cobalt catalyst show low current densities and negligible
charge passed (Figure 5).

Controlled-potential electrolysis with 3 under the same conditions did not result in
productive electrocatalysis. Minimal current densities were achieved with this system, and CVs
recorded after electrolysis show no identifiable redox features. These results further confirm the
decomposition of 3 with high levels of formate. The reasons for the limited stability of this
complex in comparison to 1 and 2 are unclear. The decomposition of cobalt complexes under

electrochemical conditions has been noted in select cases.?>*
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Figure 5. CPE current density traces for formate oxidation with 1 (0.35 mM, E,,, =-0.80 V vs.
Fc*©, blue trace) or 2 (0.35 mM, E,, = -0.68 V vs. Fc**, red trace) with 50 eq formate in

acetonitrile. Control experiment in the absence of cobalt at E,,, = -0.65 V vs. Fc* (black trace).

Table 3. Summary of electrocatalytic formate oxidation data.

Kobs J FEco» Ncoz

catalyst TON-
(h") (mA/cm?)® (%) (V)?
1 <4 -024+003 99x3 39+09 0.45
2 1358 -009+003 96«3 10.7+23 0.57
none n/a <0.001 n/a n/a n/a

eAverage value from four CA trials. *Average value from three CPE trials over 95 minutes.
Calculated from the ratio of moles of CO, produced and total moles of catalyst. “Calculated from

the difference in E,,(Co"-formate/Co"-formate) and E°(CO,/HCOO").

The CA and CPE studies both indicate that 2 is the most active electrocatalyst in this series.
We also probed the stability of 2 under the electrolysis conditions over longer timescales (Figure
S68). The current density for formate oxidation is initially stable and then gradually decreases as
the reaction proceeds. After 4.3 h, while maintaining the applied potential at the working electrode,

the solution was spiked with more formate (50 eq), resulting in an immediate increase in current
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density to ca. 70% of the starting value. The behavior indicates that the majority of the catalyst is
still active at this point, and the current decay is largely due to substrate consumption. After 10 h,
the electrolysis was stopped, and CV analysis of the solution revealed ca. 40% of the PNP complex
remains intact. Thus, while clearly some decomposition of 2 occurs during operation, the catalyst
structure maintains reasonable integrity and activity over several hours.

The overpotential for formate oxidation is estimated to be 0.45 and 0.57 V for 1 and 2,
respectively, based on the difference between the catalytic half-current potential (taken to be
E,»(Co'-formate/Co!-formate)) and the standard thermodynamic potential for this reaction (E° =
-1.40 V vs. Fc0).22 5 QOverall, these data unambiguously establish 1 and 2 as competent
electrocatalysts for formate oxidation. This series marks the fourth example of a molecular
electrocatalyst for this reaction and only the second catalyst family based on a first-row transition
metal. Both 1 and 2 are highly selective for CO, production, operate at modest overpotentials at
25 °C, and do not require additional exogeneous base to promote turnover. The overpotentials for
1 and 2 are comparable to the values reported for the Ni-P,N, catalysts (7 = 0.42 — 0.78 V).5° The
iridium catalyst reported by Kang and co-workers operates at a significantly larger overpotential
(n=1.25 V), though the catalytic rates of the nickel and iridium systems are faster than our cobalt
catalysts. Finally, we highlight that 1 and 2 are the first homogeneous cobalt-based
electrocatalysts for formate oxidation. Cobalt catalysts for the chemical dehydrogenation of formic
acid are also exceedingly rare, and both examples require elevated temperatures for turnover.3’-5

The observed reactivity of complexes 1-3 with formate depends on the reaction conditions.
Initial formation of the Co™"-formate adduct is followed by hydride transfer to generate the Co'-
hydride with the concomitant release of CO, (Scheme 3). Deprotonation of the Co'™-hydride by
formate generates the Co' complex, which, in the absence of applied potential, undergoes rapid
comproportionation with Co™-X under stoichiometric conditions (X = MeCN or formate). At
higher concentrations of formate, the buffering capacity of the biformate salt maintains sufficient
solution basicity and the complex remains in the Co' form. Under electrochemical conditions at an
appropriate applied potential, electrocatalytic turnover for formate oxidation is accessible via
oxidation of the Co' species at the electrode, regenerating the Co''-formate and closing the
electrocatalytic cycle (Scheme 4). In this proposal, hydride transfer is reasonably assigned as the
rate-limiting step. The greater catalytic activity of the PNP system 2 compared to the P,N, complex

1 may suggest that the rate of hydride transfer is largely driven by the hydride affinity of the
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catalyst and may not directly involve the pendent amine base, though a larger dataset of catalyst
structures is needed to establish meaningful trends. Further studies to investigate the precise

mechanism of hydride transfer and possible ligand involvement are currently underway.

Scheme 4. Proposed mechanism for electrocatalytic formate oxidation with 1 and 2. S =

acetonitrile. S = acetonitrile.
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Conclusions

Homogeneous examples of electrocatalysts for formate oxidation are extremely limited,
and only one previous report has disclosed this activity at first-row transition metal systems.
Herein, we have described a family of piano-stool cobalt complexes based on bidentate phosphine
ligands that promote electrocatalytic formate oxidation. We have isolated three classes of
complexes in this family in which the structure of the phosphine backbone was varied, and in each
case the [Co™-MeCN]?*, [Co']’, and [Co™-hydride]* complexes were prepared. Detailed
characterization of these complexes was performed to obtain key thermodynamic metrics.
Importantly, the determination of the thermodynamic hydricity of each Co™-hydride indicated that
hydride transfer from the formate anion to the Co™ center should be highly favorable in
acetonitrile, which was confirmed through chemical reactivity studies. In addition, the acidity of
the Co"-hydride complexes is such that formate can serve as a base to facilitate deprotonation,
eliminating the need for stronger exogeneous base. While the dppp complex 3 exhibited limited

stability in the presence of formate in solution, the P,N, and PNP complexes 1 and 2 are active
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electrocatalysts, selectively affording CO, with excellent faradaic efficiency. Complex 2 delivered
the highest activity for formate oxidation, with the observed rate constant determined by CA being
135 h~'. This complex also exhibited reasonable stability over several hours of operation. This
study represents the first cobalt-based and fourth overall example of homogeneous electrocatalysts
for formate oxidation. Future work will focus on understanding the hydride transfer mechanism in

detail and developing new catalyst structures to increase the rate of this process.
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