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Hydride Intermediate and Its Implications
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ABSTRACT: A detailed mechanistic study of the electrochemical CO,
reduction catalyzed by the fac-[Mn'(CO),(bis-M*NHC)MeCN]* com-
plex (1-MeCN*) is reported herein by combining in situ FTIR
spectroelectrochemistry (SEC), synthesis and characterization of catalytic
intermediates, and DFT calculations. Under low proton concentrations,
1-MeCN" efficiently catalyzes CO, electroreduction with long catalyst
durability and selectivity toward CO (ca. 100%). The
[Mn'(CO);(bis-M*NHC)]~ anion (17) and the tetracarbonyl
[Mn'(CO),(bis-"'*NHC)]* complex (1-CO*) are key intermediates of
the catalytic CO,-to-CO mechanism due to their impact on the selectivity
and the reaction rate, respectively. Increasing the proton concentration
increases formate production (up to 15% FE), although CO remains the
major product. The origin of formate is ascribed to the competitive
protonation of 1~ to form a Mn(I) hydride (1-H), detected by SEC in
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the absence of CO,. 1-H was also synthesized and thoroughly characterized, including by X-ray diffraction analysis. Stoichiometric
reactivity studies of 1-H with CO, and labeled '*CO, indicate a fast formation of the corresponding neutral Mn(I) formate species
(1-OCOH) at room temperature. DFT modeling confirms the intrinsic capability of 1-H to undergo hydride transfer to CO, due to
the strong o-donor properties of the bis-"*NHC moiety. However, the large potential required for the HCOO™ release from 1-
OCOH limits the overall catalytic CO,-to-HCOO™ cycle. Moreover, the experimentally observed preferential selectivity for CO over
formate is dictated by the shallow kinetic barrier for CO, binding to 1~ compared to the Mn—H bond formation. The detailed
mechanistic study highlights the reduction potential, pK,, and hydricity of the metal hydride intermediate as crucial factors affecting

the CO,RR selectivity in molecular systems.
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Bl INTRODUCTION

The electrochemical CO, reduction reaction (CO,RR)
powered by renewable sources and promoted by transition
metal-based catalysts is an attractive strategy to provide fuels or
commodity chemicals.'" However, due to the wide variety of
potential carbon-based products of CO,RR, a fundamental
understanding of its catalytic mechanisms is crucial to
systematically improve the performances by rational catalyst
design and overcome the selectivity challenge for an efficient
CO,RR.”

Molecular electrocatalysts are characterized by having well-
defined active sites, then serving as ideal platforms to investigate
the reaction pathways by isolating the main intermediates
involved in the process and by their study by in situ
spectroelectrochemical (SEC) techniques.” Several organo-
metallic complexes based on earth-abundant transition metals
have been found to selectively convert CO, into carbon

monoxide (CO), acting as homogeneous electrocatalysts in
organic media.* Molecular catalysts have also shown promising
performances when implemented in aqueous electrolyzers as
heterogenized systems on carbon supports.” For some catalysts,
the predominant formation of formate (HCOO™) has been
reported depending on the ligand structure or the reaction
conditions, albeit a selective CO, conversion to HCOO™ is
achieved only in a few cases. Since the seminal work by
Deronzier and co-workers,” tricarbonyl Mn complexes with
polypyridyl ligands, eg, [Mn'(CO);(bpy)X] (bpy = 2,2'-
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bipyridine), have been extensively studied as homogeneous
molecular electrocatalysts for selective CO, reduction to CO.*
The CO,-to-CO conversion is primarily catalyzed by the
electrogenerated two-electron (2e”) reduced five-coordinate
Mn anion species via competitive protonation-first or reduction-
first pathways, depending on both the ligand structure and the
reaction conditions (e.g,, the applied potential and the strength
of the added proton source, see Scheme 1).” Minor amounts of

Scheme 1. General Mechanistic Proposal for fac-
[Mn(CO);(bpy)Br] and Related Catalysts
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HCOO™ were produced by a few examples of Mn catalysts with
proton-responsive diimine ligands' as well as by some bpy-
based Mn derivatives heterogenized on carbon electrodes in
aqueous electrodes."’ However, a predominant HCOO~
formation was usually observed under pure photochemical
conditions.”*'” Such a change of selectivity from CO to
HCOO™ was attributed to the competitive protonation of the
anionic Mn catalyst to form a reactive Mn(I) hydride, which
rapidly reacts with CO, (see Scheme 1). However, there is still a
need to directly clarify the involvement and the role of Mn(I)
hydrides in the HCOO™ pathway.

Recently, the presence of tertiary amines as either pendant
groups6f or additives'” as well as concerted proton-electron
transfer (CPET) mediators'* has shown improved electro-
catalytic formate production efficiencies. Under these con-
ditions, suitable Bronsted acids, bpy-based Mn catalysts
produced formate in high faradaic efficiencies (FEs). The
presence of tertiary amine groups was proposed to mediate the
formation of key Mn hydride intermediates. However,
information about the Mn hydride sfpecies is limited and mainly
derived from the in situ SEC data.””'**"'*'> Recently, Saouma
and co-workers reported a thermochemical analysis of some in
situ generated polypyridyl Mn(I) hydride complexes and
experimental evidence of the CO, reaction with the Mn—H.
Whereas the extreme instability of the parent complex with the
unsubstituted bpy ligand prevented the observation of direct
reactivity between Mn—H and CO,, a Mn—formate species was
obtained by reaction of Mn—H with CO, in the presence of
bulky bpy ligands, which contribute to sterically protect the

Mn—H and enhance its stability.'® Still, the fundamental
understanding of the CO, electroreduction mechanism leading
to formate catalyzed by Mn electrocatalysts remains under
investigation.

In recent years, N-heterocyclic carbene (NHC) ligands have
been used as alternative platforms to polypyridyl diimine ligands
in Mn complexes able to efficiently catalyze CO,RR to CO with
excellent selectivity in organic media.'” In particular, we recently
reported a tricarbonyl Mn-based catalyst bearing the bidentate
methylene bis(N-methylimidazolium) (bis-M*NHC) ligand,
[Mn(CO);(bis-M*NHC)Br] (1-Br) (Figure 1), which showed
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Figure 1. (Bottom) Synthesis of 1-MeCN*. (Top) CVs of 1-MeCN" (1
mM, black) and 1-Br (1 mM, gray) in an anhydrous electrolyte (0.1 M
TBAPF;/MeCN) under an Ar atmosphere.

extraordinary kinetics for selective CO,-to-CO electroreduction
in anhydrous acetonitrile (MeCN) or even in the presence of
added water.'” Interestingly, increasing water concentrations
led to a volcano-type dependence on the catalytic rate, with a
maximum at ca. 1% v/v H,O. We hypothesized that such an
unexpected behavior could be due to a stable electrogenerated
intermediate such as a Mn hydride species. To rationalize the
origin of the peculiar electrocatalytic behavior with Brensted
acids, we aimed to investigate the key intermediates involved in
the catalytic cycle and discuss their implications in the CO,RR.

In this work, we report a thorough synergistic experimental
and computational mechanistic investigation of the [Mn-
(CO);(bis-M*NHC)(MeCN)]* (1-MeCN*) electrocatalyst for
CO,RR in both aprotic and protic conditions. While the main
catalytic pathway results in a highly efficient and selective CO,-
to-CO conversion in low-proton media, we shed light on the
activation of a competitive mechanism leading to the catalytic
production of HCOO™ production in the presence of weak
Bronsted acids. Furthermore, combining synthetic efforts with
electrochemical and in situ FTIR-SEC techniques, we
unambiguously characterized the key intermediates involved
in the electrocatalytic pathways to CO and HCOOT,
respectively, establishing a direct correlation between their
formation and the observed selectivity. This work provides new
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Figure 2. (A) FTIR-SEC of 1-MeCN"* (4 mM, black trace) in an anhydrous electrolyte (0.1 M TBAPF;/MeCN), without (bottom) and with (middle)
PhOH (0.02 M). Spectral changes upon reduction from black to dark red and blue lines, respectively. FTIR spectrum of the chemically synthesized 1-
H complex in CD;CN (dashed blue trace). (B) Schematic representation of the reactivity observed by SEC under Ar without (red) and with (blue)
PhOH. (C) Synthetic scheme of 1-H and ORTEP structure (50% ellipsoid probability) obtained by XRD. Relevant bond distances (in A): d(Mn—
Cgs) = 1.807(2)—1.793(2); d(Mn—Cy,y,) = 1.807(2); d(Mn—Cypc) = 2.0217(19)—2.017(2); d(C4—Ogs) = 1.154(3)—1.150(3); d(Crrans— Otrans) =

1.153(3). (D) '"H NMR (400 MHz, CD,CN) of 1-H.

mechanistic insights, through well-defined and characterized
intermediates, toward a fundamental understanding of the origin
of selectivity in CO,RR at the molecular level.

B RESULTS AND DISCUSSION

Electrochemistry and Reactivity of 1-MeCN* under Ar.
The cationic 1-MeCN* complex was prepared by the metathesis
reaction with the AgBF, salt in MeCN from the corresponding
Br-derivative, 1-Br (Figure 1, see the SI). Compared to 1-Br, 1-
MeCN" has better solubility in polar solvents, and the labile
MeCN ligand is more convenient for synthetic and catalytic
purposes. Furthermore, 1-MeCN™ also facilitates the character-
ization by in situ FTIR-SEC due to the lack of solvolysis
equilibrium (see below).

Under Ar, the cyclic voltammograms (CV) in an anhydrous
electrolyte (0.1 M TBAPF;/MeCN) of 1-MeCN* and 1-Br
display similar features. 1-MeCN" presents a single 2e”
reduction wave at —2.24 V (all the potentials reported are
referenced vs Fc*/° redox couple), which is slightly more positive
than the reduction peak observed for 1-Br (Figure 1). A linear
relationship of the peak current vs the square root of the scan rate
indicates that the process is diffusion-limited (Figure S13).

The redox process of 1-MeCN" in dry MeCN was monitored
by in situ FTIR-SEC to investigate the main intermediate species

involved (Figure 2A, bottom). At the open-circuit voltage, the
spectrum of 1-MeCN"* shows three CO stretching frequencies
typical of a tricarbonyl complex in a fac fashion (2025, 1935, and
1925 cm™!, black trace). Upon negative applied bias (< —2.1V),
1-MeCN"* converts into a mixture of two major species. The set
of signals at lower energies (vcq at 1827, 1731, and 1713 cm™)
corresponds to the doubly reduced five-coordinate [Mn-
(CO);(bis-M*NHC)]~ (17) anion (red dots), previously
proposed as the species that binds CO, in the catalytic
mechanism leading to CO production (Figure 2B)."* A
transient species showing three signals at 1947, 1839, and
1805 cm ™ is also observed (pale pink dots), matching the DFT-
calculated IR spectra of the neutral radical intermediate [Mne]
and the corresponding dimeric species [Mn—Mn] (Table S4).
Although it was not univocally assigned to any specific species, a
similar pattern was previously reported for an analogous Mn—
NHC complex.'” In addltlon, the three intense bands at 1972,
1876, and 1862 cm™" indicate the concomitant formation of a
new species with a fac-Mn(CO); coordination (blue dots). The
same pattern was also detected during FTIR-SEC of 1-Br, but a
partial overlap with the spectral features of 1-Br prevented its
clear observation. Based on the comparison with the DFT-
calculated IR data (vide infra) and with previous FTIR spectra
assigned to polypyridyl Mn hydride species, we hypothesized
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Figure 3. (A) CVs of 1-MeCN"* (1 mM) under Ar (black) and CO, atmospheres (red) in an anhydrous electrolyte (0.2 M TBAPF;/MeCN). Scan rate
=100 mV s™". (B) Top, FTIR spectrum of the chemically synthesized 1-CO* complex in MeCN (dashed red trace). Bottom, FTIR-SEC of 1-MeCN*
(4 mM, anhydrous 0.2 M TBAPF;/MeCN) under CO,, starting spectrum (black), spectral changes upon reduction (light red), and final spectrum
(red). (C) Schematic representation of the reactivity observed by FTIR-SEC under CO,.

that the new signals could correspond to the neutral [Mn(H)-
(CO)4(bis-*NHC)] complex (1-H) 1o t1als,16

Chemical Synthesis and Characterization of the Mn(l)
Hydride [Mn(H)(CO);(bis-"*NHC)] (1-H). To further inves-
tigate the nature of the latter species, the chemical reduction of
1-MeCN* was attempted (see the SI). After stirring for 2 h an
anhydrous MeCN solution (<40 ppm of H,0) of 1-MeCN" in
the presence of Na/Hg amalgam excess, a bright orange solution
was obtained, and an orange powder was isolated (33% yield).
Notably, the FTIR spectrum of the solution matches the same
spectral features observed during in situ FTIR-SEC (Figure 2A
top, dashed blue trace). Interestingly, the X-ray analysis of single
crystals obtained by slow diffusion of pentane into a toluene
solution of the compound showed the formation of 1-H (Figure
2C). The bond distances between the Mn and NHC or CO
carbons are within the expected range (see the caption of Figure
2).

X-ray diffraction data collected for 1-H single crystals suggest
the presence of a H atom bound to the metal center, which is
consistent with the charges in the geometry of the structure.
Moreover, the "H NMR spectra in CD;CN of the isolated
crystals of 1-H show a singlet signal at —6.88 ppm with an
integral value of one, characteristic of a metal hydride (Figure
2D and Figure SS). The same signal was previously detected
after reacting 1-MeCN" with 2 equiv of PhSiH; in MeCN at 80
°C.'® Under electrochemical conditions, the formation of 1-H
likely comes from the protonation of the transient highly
nucleophilic 17 anion by residual water traces contained in the
solvent or by proton abstraction from MeCN. In addition, under
electrochemical conditions, the electrolyte can also deliver
protons via a Hofmann degradation.'’ Indeed, MeCN was
previously reported as a suitable proton donor to low-valent
metal complexes.”” It is worth noting that such Mn—H species
are also relevant for understanding the mechanism of several
organic transformations catalyzed by 1-Br. So far, it has also
been postulated as a key intermediate in N-alkylation of anilines
with alcohols,”! ketone hydrosilylation,18 and a-alkylation of
ketones with alcohols.””

In agreement with the formation of a Mn(I) hydride species,
FTIR-SEC data of 1-MeCN" show a preferential formation of 1-
H in the presence of Bronsted acids. For instance, 1-H is

predominantly formed by reducing 1-MeCN* in aqueous
MeCN (0.2 M H,O, Figure S15), and the intensity of its
spectral features increases upon increasing the water concen-
tration (1 M, Figure S16). Furthermore, FTIR-SEC displays a
complete conversion of 1-MeCN™ into 1-H with isosbestic
points in the presence of stronger Brensted acids (0.02 M
PhOH) (Figure 2A, blue trace). The negative absorbance values
at 1607 and 1595 cm™" account for the PhOH consumption
during the process, whereas the growth of a broad band at 1583
cm™ indicates the concomitant phenoxide base (PhO~)
formation.”?

Complex 1-H could also be quantitatively formed by bulk
electrolysis at —2.28 V of a 1-MeCN" solution containing 0.02
M PhOH under Ar (Figure S17), suggesting good electro-
chemical stability of 1-H under these conditions. Voltammetric
data of 1-MeCN" in MeCN show a negligible increase of the
reductive peak current up to ca. 0.5 M of added water (Figure
S18). A slight current increase is observed only at higher [H,0]
and high overpotentials. Moreover, it is worth noting that the
CV of 1-H in anhydrous MeCN does not show any observable
reduction peaks over a wide potential window (Figure $S20), in
agreement with the extremely reducing DFT-calculated redox
potential for this species (—4.23 V). The extended stability of 1-
H contrasts the pronounced instability reported for the
analogous Mn—H species with polypyridyl ligands and provides
aunique opportunity to study the stoichiometric reactivity of the
isolated complex (see below).

Electrocatalytic CO, Reduction Mediated by 1-MeCN*
in Anhydrous MeCN. In the CV under a CO,-saturated
atmosphere, a dramatic current increase is observed at the
reduction wave of 1-MeCN", indicating a fast electrocatalytic
CO, reduction process (Figure 3A). The catalytic wave shows
an onset potential at —2.07 V and an S-shaped plateau at —2.54
V. The analysis of the CVs at increasing scan rates results in an
estimated TOF,,, = (3.0 + 0.2) X 10° s7, slightly higher than
that previously reported for 1-Br under the same conditions
(Figure S21, see the SI)."”* The catalytic current was first-order
in catalyst concentration (Figure S22). Controlled-potential
electrolysis (CPE) of 1-MeCN* under CO, resulted in a stable
catalytic CO production with excellent selectivity (FE¢o of
~90%) for more than $ h (Table S1 and Figures $23 and S24).
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No hydrogen was detected during the experiments, whereas
minor traces of formate accounting for ca. 0.1% FE were found
by '"H NMR analysis of the electrolyzed solution after several
hours of reaction (Figure S25).

We also carried out thin-layer FTIR-SEC studies to gain
information about the catalytic reaction. At an applied potential
of ca. —=2.1'V, the rapid growth of IR bands at 1684 and 1645
cm™! indicates the formation of free HCO, /CO;>~ species
typically associated with the electrocatalytic CO,-to-CO
conversion process in aprotic media (Figure 3B)."%** At the
same time, the growing v bands at 2090, 2002, and 1969 cm ™
indicate the formation of a new carbonyl species (Figure 3B).
This species, previously detected during FTIR-SEC of 1-Br, was
assigned to the tetracarbonyl intermediate [Mn-
(CO),(bis-M*NHC)]* (1-CO*).” The formation of structurally
similar complexes under CO,RR conditions was also reported
for other Mn-based catalysts with bis-NHC or polypyridyl
ligands.">'”® It should also be emphasized that the lack of
detection of the 17 bands during FTIR-SEC under CO, is
consistent with its fast reactivity with CO, to form 1-CO*. The
latter is apparently the only accumulated intermediate during
CO,RR, thus representing the resting state under these
conditions.

To further confirm the identity of 1-CO", we synthesized a
fresh sample of the compound by bubbling CO (1 atm) into a
solution of 1-MeCN" in a noncoordinating solvent (CHCl; or
CH,Cl,, Figure 4A, see the SI). The reaction was monitored
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Figure 4. (A) Chemical generation of 1-CO*. (B) CVs of 1-MeCN"*
(black) and 1-CO* (red) under Ar (solid trace) and CO, (dashed
trace). Scan rate = 100 mV s™'. (C) ORTEP structure of 1-CO*
obtained by single-crystal XRD. Relevant bond distances (in A):
d(Mn—C,,,) = 1.8377(17); d(Mn—C,,,,.) = —1.8743(17); d(Mn—
Cy.) = 1.8416(12); d(Mn—Cyyyc) = 2.0441(11)—2.0442(11); d(C4—
Oqs) = 1.1400(15); d(Crrans=Ohuans) = 1.141(2); d(Cirang=Olans) =
1.135(2).

over time by FTIR (Figure S26) and '"H NMR (Figure S27),
showing a complete conversion of 1-MeCN* into 1-CO* in
approximately one hour at room temperature under CO
saturation. The slow kinetics for 1-CO" formation from 1-
MeCNY, compared with the fast catalytic rate, indicates that 1-
CO" is formed within the catalytic cycle and not from the
coordination of the catalytically formed CO to 1-MeCN". The
FTIR spectrum of the as-synthesized 1-CO"* sample in MeCN
matches the spectral features in the FTIR-SEC experiments of 1-

MeCN" under CO, (Figure 3B). X-ray diffraction analysis of
suitable crystals confirmed the formation of the Mn(I)
tetracarbonyl 1-CO* complex (Figure 4C).

The voltammetric profile of 1-CO* under Ar exhibits an
irreversible reduction peak at —2.12 V, occurring ca. 120 mV
more positively than the peak potential of 1-MeCN"* (Figure 4B
and Figure S20). Furthermore, the lack of detection of the
neutral [Mn(CO),(bis-M*NHC)]° complex during FTTR-SEC
of 1-CO" suggests a fast CO dissociation upon reduction of 1-
CO" (Figure 529). Similar behavior has been recently shown for
a Mn tetracarbonyl bpy-based complex.”® Importantly, the 1-
CO" complex acts as a precatalyst for efficient CO, electro-
reduction, displaying an analogous S-shaped catalytic voltam-
metric wave to that of 1-MeCN"* (Figure 4B and Figure S30) and
asimilar TOF,,, value (3.2 + 0.2) X 10*s™* (Figure S31). These
results also indicate that 1-CO™ is an on-cycle intermediate in
the protonation-first mechanism for CO,RR to CO catalyzed by
1-MeCN*.

Electrocatalytic CO, Reduction in the Presence of
Brensted Acids. The addition of small amounts of water
strongly boosts the catalytic CO,RR response of 1-MeCN", with
a maximum rate of TOF,,. = (3.94 + 0.04) X 10°s™" for [H,O]
~ 0.5 M (Figures S32 and S33). Electrolysis data show an
excellent selectivity toward CO production (—2.65 V, S h, FE¢q
=90%, Figure S34 and Table S1). No H, was detected in the gas
phase, whereas a small but non-negligible amount of formate was
detected by "H NMR, accounting for ca. 4% FE (Figure S34E).
Further addition of water ([H,0] > 0.5 M) leads to a striking
drop in catalytic current under CO, (Figure S35). This behavior
is consistent with the chronoamperometric experiments at
—2.65 V in 2 M H, O, which reveal a drastic decrease in catalyst
CO,RR activity and selectivity (Table S1 and Figure S36).
Under these conditions, FE for CO production was 66%, with a
concomitant increase of the H, evolution (FEy, = 28%) and
formate production (FEycoo. = 7%, Figure S36C). The
quantitative data show an increase of FE for H, and HCOO™
formation over CO upon increasing the proton concentration in
solution.

FTIR-SEC was used to explore the reactivity of the
electrogenerated species toward CO, during the catalytic
reaction in the presence of external proton sources. In a CO,-
saturated aqueous MeCN electrolyte (0.2 M H,0), 1-MeCN*
rapidly converts into 1-CO* as the predominant species when
the applied potential reaches the foot of the catalytic wave (ca.
—2.1 V, Figure S37A), as previously seen in anhydrous
conditions (Figure 3B). Although the formation of 1-H is
highly favored under an Ar atmosphere (Figure S15), 1-H is not
observed when the solution is CO,-saturated. These results
emphasize the excellent selectivity of 1-MeCN" for CO,-to-CO
reduction over hydrogen evolution reaction (HER) at the low
[H,0] regime. Remarkably, even with moderate amounts of
water, the CO, binding to 17 is faster than the protonation of the
Mn center.

By holding the applied potential at ca. —2.1 V for a few
minutes, further CO, consumption in the OTTLE cell” (~60%
of the initial concentration) is accompanied by a slow increase of
new vcg stretches (2008, 1920, and 1880 cm™") at the expense
of 1-CO™. A clear competitive formation of a new fac-tricarbonyl
Mn species is observed (Figure S37B). But notably, FTIR-SEC
in the presence of stronger Bronsted acids (PhOH 0.02 M)
displays an enhanced formation of new species (Figure SC),
likely corresponding to the transient 1-H and the neutral
[Mn(CO),(bis-*NHC)(OCOH)] complex (1-OCOH), as
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Figure S. (A) Schematic representation of the reactivity of 1-MeCN"* observed by FTIR-SEC under CO, with PhOH. (B) Scheme of the chemical
generation of 1-OCOH. (C) FTIR-SEC of 1-MeCN* (4 mM) in 0.2 M TBAPF,/MeCN with added PhOH (0.02 M) under CO,, starting spectrum
(black), spectral changes upon reduction (light red), and final spectrum (red). FTIR spectra of 1-H, 1-OCOH, and 1-O"*COH in MeCN solution
(dashed traces). (D) 'H NMR (400 MHz, CD,CN) of 1-H, 1-OCOH, and 1-O"*COH.

confirmed by direct comparison with the IR spectrum of an
authentic synthesized sample of 1-OCOH by the reaction of 1-
MeCN" with an excess of tetrabutylammonium formate (Figure
S$38, see the SI). Although other related Mn—formate complexes
with diimine or PNP pincer ligands have been previously
reported,'®”” this is a rare direct experimental piece of evidence
of a metal-formate adduct formed during CO, electroreduction
catalyzed by a molecular complex.”® It can be rationalized that
the 1-OCOH intermediate originates from the reaction between
CO, and the transient 1-H. As shown above, 1-H is
quantitatively electrogenerated under Ar in the presence of
0.02 M PhOH (Figure 2A). However, difficult detection of 1-H
during FTIR-SEC under CO, suggests that the reaction with
CO, is fast. This was further corroborated by the reactivity of the
chemically synthesized 1-H complex with CO,.

The CO, bubbling into a solution of 1-H results in a
quantitative formation of 1-OCOH (Figure SB). The FTIR
spectrum of the as-synthesized complex matches that obtained
during FTIR-SEC under CO, with 0.02 M PhOH (Figure 5C).
The '"H NMR characterization is also consistent with the
formation of a Mn—formate complex, as indicated by the
complete disappearance of the hydride resonance at —6.88 ppm
and the growth of a singlet at 8.19 ppm, characteristic of the
formate ligand proton (Figure SD). Both, FTIR and '"H NMR
results are consistent with a fac-Mn(bis-**NHC)(CO); formate
complex. Moreover, *CO, labeling experiments unambiguously
confirmed the reactivity of the Mn—H with CO, at room
temperature. A 40 cm™" isotopic shift is observed for the formate
Vo stretches (1615 cm™ under >*CO, and 1575 cm™" under
13CO,, Figure 5C).*” Further experimental proofs were
provided by 'H and *C NMR, with the coordinated H*CO,~
ligand appearing as a doublet centered at 8.18 ppm in the 'H
NMR spectrum (J;3c.g¢ = 191.1 Hz, see Figure SD).

The electrolysis data under protic conditions (Table S1) show
low overall turnover numbers and FE values for catalytic CO,
reduction to HCOO™, compared to the competitive CO
production. Further efforts to increase the efficiency of
HCOO™ production by adding Brensted acids stronger than
water (0.02 M PhOH) resulted in only a slight increase of
FEpcoo- (15%) but also in a significant drop of catalytic current.

As previously discussed for 1-CO*, the observation of 1-
OCOH as a stable intermediate implies an unfavorable HCOO™
dissociation (vide infra), and a further reduction step is required
to promote the HCOO™ dissociation. Compared to 1-CO?, the
peak potential of the neutral 1-OCOH complex occurs ca. 500
mV more negatively (Figures S20 and S30). Therefore, we
propose that the observed CO,RR efficiency and selectivity are
mainly determined by the different kinetics of the 1~
protonation versus CO, coordination steps and by the reduction
potentials of 1-CO™ versus 1-OCOH. To corroborate our
hypothesis, we investigated the two competitive CO, reduction
pathways by computational modeling.

Mechanistic Discussion Based on DFT Calculations.
We have computed the proton-assisted CO production pathway
and the formate production mechanism, including the
protonation of the anionic intermediate (17) to give 1-H, by
considering H,O (or PhOH) as added Bronsted acids to shed
light on the fundamental steps governing the catalytic activity
and selectivity. Previous reports in the field have shown that the
hybrid functional B3LYP successfully supported experimental
data including structural, spectroscopic, and reactivity studies in
related Mn—tricarbonyl catalysts.'>*” The different intermedi-
ate and transition state (TS) structures were obtained after
geometry optimization at their low spin configuration followed
by frequency analysis at the B3LYP-D3/6-311++G(d,p) level of
theory unless otherwise indicated. Then, the electronic energies
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were computed at the B3LYP-D;/6-311++G(2d,2p) level for a
more accurate description of the thermodynamics, and solvent
effects were considered through the implicit SMD model for
acetonitrile. In the steps where protons are transferred, explicit
solvent molecules have been included to better describe the
effective acidity of the proton donor as well as the stabilization of
the resulting conjugate base by hydrogen bonding. Further
details on the computational methodology can be found in the
SL

Proton-Assisted CO,-to-CO Reduction Mechanism. The
highly nucleophilic [Mn]~ intermediate can be formed via an
overall 2e” reduction of the starting complex [Mn—MeCN]* ata
computed reduction potential of —2.08 V (Figure 6 and Scheme

S2). As depicted in Figure 6, the CO, binding to [Mn]~ is
slightly exergonic and takes places through a 6.8 kcal-mol™
transition state (TSyp,_co2)- Then, following the protonation-
first mechanism, the C—O bond cleavage occurs after the double
protonation of the former carboxylate intermediate. Assuming a
water cluster concentration [ (H,0);] of 0.167 M, the formation
of the complex-[(H,0);] adduct is exergonic by —4.2 kcal-
mol™!, whereas the first proton transfer step is slightly
endergonic. However, the formation of [Mn—CO,H] becomes
exergonic when the thermodynamics of the hydrogen carbonate
formation from the generated OH is included in the energy
profile. Then, the second protonation is also exergonic and
proceeds through a kinetic barrier of 11.5 kcal'mol™ to form
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Mn—CO". In this process, one H,0 molecule and two solvated
HCO;™ are released. Once the C—O bond is cleaved, the
resulting Mn-bound CO should be released to recover the
catalytically active species.

The CO release from [Mn—CO]* to give the 16e” [Mn]*
species is endergonic by 12.9 kcal-mol™!, and the kinetic barrier
for this step is 18.7 kcal-mol™. Instead, at —2.08 V, the
electrochemically driven CO release to give the corresponding
17¢” species [Mn]° is exergonic and presents a lower kinetic
barrier (8.5 kcal'mol™). Finally, the turnover of the catalytic
cycle takes place upon the recovery of the reduced species
[Mn~]. Under these conditions, the energy span (JE,,,,) of the
most favorable catalytic pathway is 14.4 kcal'mol !, which
accounts for the kinetics of CO, binding (AG*¢q, = 6.8 kcal:
mol™") and the reduction of [Mn]® to [Mn]~ (Figure S40).
Although our DFT calculations predict that [Mn—CO]", ie., the
species experimentally characterized as the resting state, is 1.5
kcal'mol™" higher in energy than [Mn]°, this small energy
difference is below the usual DFT accuracy, which is usually
higher in the comparison of species with a different net charge. It
is worth noting that, at more negative potentials (< —2.41 V),
the energy span is only determined by the C—O bond cleavage
step ((‘SESPan = AG*c_om = 11.5 kcal-mol™"). Therefore, the
reaction rate becomes redox-independent at high overpotential,
which aligns with the high current observed in the CV and the
plateau-shaped voltammogram obtained at high scan rates
(Figures S21 and S31).

Mechanism of the CO, Reduction to Formate. In a previous
section, we showed that 1-H could be formed by protonating the
anionic 17 intermediate. As shown in the Gibbs energy profile in
Figure 7A, we have computationally studied the formation
mechanism of 1-H from 1-MeCN" and the subsequent proton
transfer step by modeling a cluster of three water molecules, as in
the CO,-to-CO reduction mechanism (Figure 6). The differ-
ence between the kinetic barrier modeled with a three- and a
four-membered water cluster is less than one kcal-mol™" within
the error of the DFT method (Figure S42). For this reason, we
have modeled the CO,-to-formate reduction energy profile
considering a cluster of three water molecules (Figure 7A). In
this mechanism, the protonation of the [Mn]~ intermediate is
exergonic by 17.6 kcal'mol™" with an associated kinetic barrier
for the hydride formation (AG*,,—y) of 10.6 kcal-mol™. The
subsequent step corresponds to the exergonic hydride transfer to
the CO, molecule to forge the H—C bond of the formate anion.
The kinetic barrier of the hydride transfer step (AG*y4..con) is
9.8 kcal-mol ™', in agreement with the kinetic barrier obtained for
the same step with the analogous Mn—bpy complex (10.1 kcal-
mol™!)."® This step ultimately results in the formation of [Mn—
OCOH], which is 25.9 kcal-mol™ more stable than the [Mn]~
species. These results confirm that the Mn(I) formate
intermediate is thermodynamically and kinetically accessible at
room temperature starting from 1-MeCN™ under CO, electro-
reduction conditions in wet acetonitrile.

General Mechanistic Discussion. After gathering the
experiments and computational results, we present a general
mechanistic picture merging the CO, reduction cycles to CO
and formate (Figure 7B). In aprotic conditions or in the
presence of moderate amounts (<0.5 M) of added H,O, the
CO,RR proceeds preferably through the CO,-to-CO pathway
producing almost solely CO with excellent efficiencies. The
detection of 1-CO" under in situ electrocatalytic conditions
indicates that the CO, reduction to CO occurs through a
protonation-first mechanism. At the redox potential of 1-

MeCN* to 17, 1-CO" is the resting state of the reaction,
requiring a le” reduction step to undergo CO release. In this
regard, the 1-CO" species is reduced at more positive potentials
than 1-MeCN* (Figure 4B and Figure S20), leading to an
energetically favored proton-assisted mechanism for CO,-to-
CO conversion.

In the presence of added protons, a competitive protonation
of the 17 anion leads to the formation of a Mn—H species, 1-H.
The pK, value of 1-H was extrapolated by using a linear pK,
versus the redox potential correlation (see SI, Scheme S1).*' The
estimated pK, (39.3 + 1.0) for 1-H is considerably higher than
those reported for the polypyridyl counterparts and supports the
observation of a fast 1~ protonation in MeCN (Figure 7B).*
Then, 1-H has shown a rapid hydride transfer to the CO,
molecule giving the corresponding Mn formato complex (1-
OCOH). Three main factors are crucial to rationalize the CO,
electroreduction reactivity and selectivity of the 17 catalyst:

Hydricity of 1-H. The hydricity of a metal hydride, AG’_,
describes the thermodynamic hydride donor character and is
commonly used to predict the capability of a metal hydride to
undergo a hydride transfer to CO, to form HCOO™.>'* By using
a linear correlation recently found between AG°y_ and the
redox potential of the parent complex across a series of several
transition metal hydrides,*'" we estimated a AG%;_ of 31.4 2.0
kcal-mol™ for 1-H (see the SI). The estimated AG®_ of 1-H is
significantly lower than the values reported for structurally
similar Mn(I) hydrides containing bipyridyl ligands used for
CO,RR to HCOO~™ (Table S3 and Figure $39),'° thus
indicating a much stronger hydride donor ability, which reflects
the increased o-donor properties of the bis-*NHC moiety. In
particular, since the hydricity of formate in MeCN is 44 kcal-
mol™,*'* the hydride transfer to CO, to form HCOO™ is
predicted to be exergonic by 12.6 kcal-mol™" for 1-H. For the
manganese bipyridyl complexes shown in Figure S39, the
authors claim that this process becomes energetically favorable if
the formate binding to Mn(1) is considered.'® In the case of an
amine-functionalized bipyridyl Mn catalyst, access to the more
hydridic reduced form of the Mn(I) hydride intermediate is
required to observe an efficient CO,-to-formic acid process.

Stability of the Metal-Formate Intermediate. Despite the
energetically favored formation of the 1-OCOH intermediate in
protic media under a CO, atmosphere (Figure 7A), the rate and
efficiency of the electrocatalytic CO,RR to HCOO™ obtained
during electrolysis are low compared to the competitive pathway
leading to CO. Therefore, other thermodynamic and kinetic
factors need to be considered to explain the product distribution
observed under catalytic conditions. A main concern from the
thermodynamic point of view is the HCOO™ dissociation step
from a neutral metal-formate complex. For some Ru systems
employed for CO, conversion to formate, an efficient HCOO™
release was reported only after reducing the neutral formate
complex.”**® For a bipyridyl Mn(I) catalyst with pendant
amines, the HCOO™ liberation is proposed to take place from an
anionic species formed upon one-electron reduction of the
neutral Mn(I) formate intermediate.” In the case of our bis-
NHC Mn(I) system, the stability of the 1-OCOH intermediate
generated under SEC conditions suggests that an additional
reduction step is required to promote the release of HCOOT;
likewise, it is necessarily a 1e™ reduction of 1-CO" to release CO
in the protonation-first mechanism. Nevertheless, the reduction
of 1-OCOH takes place at considerably more negative potentials
than 1-CO* (ca. 450 mV), implying that the catalytic CO,-to-
HCOQO™ requires a larger overpotential to occur. Therefore, the


https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c01430/suppl_file/cs3c01430_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c01430/suppl_file/cs3c01430_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c01430/suppl_file/cs3c01430_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c01430/suppl_file/cs3c01430_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c01430/suppl_file/cs3c01430_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c01430/suppl_file/cs3c01430_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c01430/suppl_file/cs3c01430_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c01430/suppl_file/cs3c01430_si_001.pdf

remarkable difference between the redox potentials of the
pivotal 1-OCOH and 1-CO" intermediates primarily determine
the preferential selectivity toward CO production over HCOO™
formation observed during CO, electroreduction in the
presence of Bronsted acids.

Competitive Kinetics of Protonation versus CO, Binding to
the Key Anionic 1~ Species. In this regard, our experimental
data show that 17 is an extremely CO-selective catalyst,
suggesting that CO, binding is favored over metal protonation
at the explored conditions. In line with the experiments, the
direct comparison between the DFT-calculated energy profiles
leading to CO and HCO,~ formation (Figures S43 and S44)
indicates that the CO, binding step to the [Mn] ™~ active species
has a lower Gibbs energy barrier (AG*\,_con = 7.5 keal-mol ™)
than the protonation of the metal to form the [Mn—H]
intermediate (AG*;,_; = 10.6 kcal-mol™"). Nevertheless, other
factors such as substrate transfer processes (H' vs CO,
diffusion) play a crucial role in determining the overall kinetics
of both the processes.

B CONCLUSIONS

In this work, we have elucidated the electrochemical CO,RR
mechanism catalyzed by the highly active fac-
[Mn'(CO);(bis-*NHC)MeCN]* (1-MeCN*) complex in
neat acetonitrile as well as in the presence of Bronsted acids.
Competitive pathways leading to CO and HCOO™ formation
are operative, depending on the applied potential and the
concentration of protons in solution. In particular, the activity
and selectivity of the 1-MeCN" precatalyst depend on the
interplay of the three main intermediate species in the catalytic
cycles, ie, 1-CO*, 1-H, and 1-OCOH, which are thoroughly
characterized by a combination of organometallic reactivity
studies, electrochemistry, spectroelectrochemistry, and DFT
calculations. In anhydrous MeCN or in the presence of a
moderate amount of water (<0.5 M), record catalytic rates and
selectivity for CO production were observed due to an extremely
fast CO, binding to the electrogenerated 1~ active catalyst. This
process occurs through a protonation-first mechanism, as
corroborated by the unambiguous identification of the
tetracarbonyl 1-CO* species.

In addition to the main CO,-to-CO mechanism, we have
identified a competitive pathway leading to electrocatalytic
formate production, favored when increasing the proton
concentration in solution. The origin of the observed formate
production was ascribed to the protonation of 1~ to generate the
Mn(I) hydride 1-H species, detected as the main intermediate
by FTIR-SEC in the absence of CO,. This species was
independently isolated and fully characterized, affording the
first X-ray structure of a Mn—H in the context of electrocatalytic
CO,RR with fac-Mn(CO); complexes. Furthermore, we have
demonstrated the mechanistic relevance of 1-H in the CO,-to-
formate reduction pathway showing an extremely fast reactivity
of the latter with CO, to give the corresponding neutral Mn—
formate species (1-OCOH). This was confirmed by combining
SEC, organometallic reactivity studies (including labeling
experiments under '*CO,), computational modeling, and
thermochemical analysis. However, although the 1-OCOH
formation is thermodynamically favored with moderate
amounts of added water, its high stability limits the catalytic
formate production. Both competing 1-CO* and 1-OCOH
intermediates require an electrochemical step to promote
product release, but the latter requires a considerably larger
overpotential than the former (difference of ca. 450 mV).

Moreover, the kinetics of the competitive CO, binding vs
protonation of the anionic 17 catalyst is crucial to determine the
CO, electroreduction activity and selectivity. Overall, our
experimental and computational results support the preferential
selectivity of 1~ for CO over formate production under CO,,
emphasizing the extremely high intrinsic selectivity of 1~ toward
CO,RR and the importance of the HCOO™ release step for an
efficient CO,-to-formate electroreduction. The compelling set
of mechanistic evidence presented in this work will help to
rationalize and control the product selectivity in the electro-
chemical CO,RR catalyzed by molecular systems.
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