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The electrocatalytic transformation of carbon dioxide has been a topic
of interest in the field of CO, utilization for a long time. Recently, the
area has seen increasing dynamics as an alternative strategy to catalytic
hydrogenation for CO, reduction. While many studies focus on the
direct electron transfer to the CO, molecule at the electrode material,
molecular transition metal complexes in solution offer the possibility
to act as catalysts for the electron transfer. C; compounds such as
carbon monoxide, formate, and methanol are often targeted as the
main products, but more elaborate transformations are also possible
within the coordination sphere of the metal center. This perspective
article will cover selected examples to illustrate and categorize the
currently favored mechanisms for the electrochemically induced
transformation of CO, promoted by homogeneous transition metal
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complexes. The insights will be corroborated with the concepts and
elementary steps of organometallic catalysis to derive potential strat-
egies to broaden the molecular diversity of possible products.

1. Background and Motivation

Nature, in one of its greatest masterpieces, uses carbon
dioxide via photosynthesis to produce organic matter and
oxygen, whereas respiration consumes oxygen and releases
CO,. The atmospheric levels of CO, were almost constant at
approximately 280 ppm during most of humankind’s history.!!
With the start of the industrial revolution, the welfare of an
ever-growing population could be improved through the
exploitation of fossil resources for energy generation,”
production of nutrients/fertilizers,”! transport and aviation,
construction industry,”! and chemical production.””! However,
as carbon dioxide is the ultimate product of all processes
involving oxidation of carbon, these anthropogenic value
chains are reversing nature’s synthetic efforts. Huge amounts
of carbon deposited over millions of years are now released
on a time scale of decades or even years, resulting in
a perturbation of the carbon balance on this planet.[**7]
Currently, the concentrations of CO, in the atmosphere
determined at Mauna Loa Observatory (Hawaii) are exceed-
ing 415 ppm,”® and natural consumption solely is no longer
expected to decrease these values.”) Acting as a greenhouse
gas, carbon dioxide levels have a direct impact on global
warming, sea levels, ocean acidification, biodiversity, and
other environmental burdens."”! Global awareness of the
necessity to take action results in highly dynamic political,
societal, and economic developments. Ultimately, the tran-
sition from the “fossil age” to a sustainable low-carbon
economy can be enabled only by scientific progress and
technological innovation to reduce the carbon footprint.
Among these attempts, the transformation of CO, into
valuable molecules by using renewable—and thus carbon-
free—primary energy generation (e.g., wind, water, or solar
power) constitutes a promising approach.'!l The concept of
Power-to-X (Figure 1) stipulates the synthesis of chemical
energy carriers or products via effective and scalable tech-
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nologies based on chemical, biochem-

ical, and electrochemical transforma-

tions as well as combinations

thereof.™ In the resulting system,
energy can be stored, used, and harvested in molecules
ranging from hydrocarbons to simple C, compounds (e.g.,
formic acid or methanol), complex functional materials and
even fine chemicals or pharmaceutical products.!"”!

For the foreseeable future, large amounts of CO, are
available as potential feedstocks from various industrial
processes in high concentration.™ Even in long-term scenar-
ios, if full decarbonization of all non-chemical sectors would
be achieved, the carbon reserves in the various forms of CO,
(e.g., in the atmosphere, hydrosphere, and carbonates in the
terrestrial environment) considerably exceed those of fossil
resources."” Consequently, the conversion of carbon dioxide
into fuels, basic and fine chemicals, as well as polymer
materials offers tremendous potential to utilize carbon-free
electricity from increasingly deployed renewable energy
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Figure 1. From the “fossil age” to a sustainable energy and chemistry
nexus based on Power-to-X technologies.

technologies in chemical added-value chains."® In addition to
low-carbon paths to existing products, this can even allow the
design of new products with improved properties comprising
the concepts of green chemistry.'”!

The sun is an almost inexhaustible energy source for our
planet and can be exploited in many ways and various forms
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for the generation of renewable electricity.'"¥ Depending on
the regional and climatic situations, there are different
preferred technological options for renewable energy.
Hence, in Europe, wind energy can foreseeably be captured
most efficiently in the northern parts, while solar energy could
come preferentially from areas in the south (Figure 2).
Irrespective of the preferred technology, the generation of
electricity (“power”) is intermittent and fluctuating, and thus
requires efficient and flexible storage technologies. Also, in
this context, its conversion into molecular energy carriers or
chemical products offers an attractive possibility to balance
supply and demand.!"”!

The most direct synthetically useful interconversion of
electrons and chemical bonds seems to be provided by
electrochemistry, based on historical developments such as
Faraday’s pioneering work,”!! the Kolbe electrolysis,**! and
the Tafel rearrangement.” While synthetic electrochemistry
is sometimes perceived as a rather complicated technology
due to the challenges of controlling the many system
parameters on a laboratory scale (i.e., electrodes, electrolytes,
cells, solvent, etc.),” industrial processes including the
chloralkali® or Hall-Héroult? electrolysis as well as the
Baizer-Monsanto process”” are currently used to produce
millions of tons of valuable chemicals. Recent developments
in synthetic organic chemistry illustrate the potential of
preparative electrolysis to become part of the toolbox for
manipulating molecular complexity.”® This is particularly
true for transformations involving molecular mediators or
catalysts to orchestrate the combination of electron transfer
and bond formations.
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Miilheim an der Ruhr and holds the Chair
of Technische Chemie und Petrolchemie at
RWTH Aachen University. He is also Scien-
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later as Chairman of the Editorial Board of
the Journal “Green Chemistry”, published by
the Royal Society of Chemistry (UK) and since 2018 he is a member of the
Editorial Board of “Angewandte Chemie”.
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Since the 1970s, many scientific breakthroughs and At a fundamental level, the thermodynamic stability and
developments have proved that catalytically active transition  kinetic inertness of the CO, molecule constitute the central
metal catalysts can convert CO, into more valuable chemicals  challenges for Power-to-X strategies.’”! Tts conversion to
via thermochemical routes.">*! While industrial implemen-  valuable C; chemicals and more sophisticated products
tation is already pursued in individual cases” the broad requires a combination of reduction (addition of electrons)
application of this strategy still faces significant challenges.  and bond-forming (addition of protons and/or other reagents)
These include: 1) high costs inherent to the capture, purifi-  processes (Figure 3). While the reduction along the C,
cation, storage, and transport of carbon dioxide to the pathway (diagonal) leads to individual products with very
processing sites; 2) high energy requirements for the con-  high potential production volumes, the molecular diversity
version of CO,; and 3)limited diversity of CO,-based space at each level (horizontal) offers a large number of
chemicals, resulting in 4)limited market size, industrial possibilities to realize combined economic and ecologic
investments, and insufficient socio-economical demand.F!! benefits as compared to today’s value chains.*!

A possible approach to address these challenges could be Organometallic catalysis using molecular hydrogen
provided by electrocatalytic (inter)conversion of electrical  obtained from water electrolysis or other C-free technolo-
power into chemical bonds. While challenge 1 is independent ~ gies®™ as the reducing agent has recently known a very
of the method of chemical conversion, electrocatalysis can  dynamic development to map out the molecular landscape
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Figure 3. Schematic correlation between energy content and carbon oxidation state of CO,-based C, compounds as well as possible higher
molecular products thereof.
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shown in Figure 3. The level of reduction could be expanded
beyond the formate stage. This led to the development of
novel synthetic pathways to acids, esters, aldehydes, alcohols,
and methylation reactions.”™ While synthetic methods for the
introduction of CO, into molecular diversity using dihydro-
gen are thus becoming increasingly available,***! electro-
catalysis is still mainly focused on the production of C,
products.

It is, however, well conceivable that suitable metal
catalysts transfer electrons from the electrode material to
CO,, while protons or other suitable electrophiles compen-
sate for the charge balance.’” Such electrocatalytic processes
provide alternative reduction methods, eliminating the extra
step of electrochemical hydrogen generation via water
electrolysis (cf. challenge 2). They also offer the potential to
operate at milder conditions, obviating high temperatures and
pressures often necessary for CO, hydrogenation. Further-
more, and maybe most intriguingly, different elementary steps
in the molecular mechanisms for CO, activation by decou-
pling electron transfer and bond formation can open novel
pathways to devise synthetically useful transformations (cf.
challenge 3).

With the present review, we hope to unlock further the
potential of electrocatalytic CO, conversion by taking an
organometallic point of view of the underlying molecular
principles. We attempt to categorize the mechanisms for
metal-complex-catalyzed electrochemical CO, reduction
from this perspective and discuss the possible extension of
these concepts towards possibilities to generate molecular
complexity exploiting the synergy of the two fields.

2. Mechanisms in Electrochemical CO, Reduction
Catalyzed by Transition Metal Complexes

2.1. General Considerations

The high energy barrier for conventional electrochemical
CO, activation is generally associated with the high energy
demand to force the linear neutral molecule into the bent
radical anion, resulting in a high overpotential requirement
for the one-electron reduction of CO, to CO, (at —1.97 V vs.
normal hydrogen electrode, NHE, in N,N-dimethylforma-
mide, DMF). The overpotential also reflects a variety of
interfacial phenomena, including mass transfer, charge trans-
fer, and others. By using transition metal catalysts, however,
the critical potential needed for the reaction is often no longer
given by the onset potential of the CO, reduction, E,,, which
includes the overpotential,®™ but by the reduction potential of
the catalyst, E_,. To generate a sufficiently strong reductant
and yield a satisfying conversion, the least negative limit for
the required potential is set by the thermodynamic potential
of the CO, reduction, Eyem, (Figure 4).%]

For the two most frequently targeted carbon dioxide
reduction products, carbon monoxide and formate, the
reduction channels of CO, to either CO [-0.106 V s,
standard hydrogen electrode, SHE, Eq.(1)] or HCO,H
[-0.250 V vs. SHE when pH > pK,, Eq. (2)] are thermody-
namically both accessible under the typically applied poten-
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Figure 4. Relative positions of defining potentials for purely electro-
chemical and electrochemical transition metal catalyzed activation of
CO, as well as the proposed way of electron transfer.

tials.*"! Therefore, the selectivity towards these products can
be determined largely through kinetic differentiation of the
catalytic pathways and hence by molecular catalyst design.

CO,y +2H" +2e” — CO, + H,0, (1)

CO,, +2H" +2¢ — HCO,H,, 2)

The mechanisms impacting the first electron transfer
(electrode —oxidized catalyst species, cat,,) are largely de-
pendent on interfacial parameters such as electrode compo-
sition, surface structure, conductivity of the electrode and
solution, composition of the electrical double layer, etc.*!]
While this part of the catalytic process is also of great
importance for the overall efficiency, we will concentrate on
the electron transfer from the reduced catalyst species, cat,.q,
to the CO, molecule and the bond-making and -breaking
steps initiated thereby. Ultimately, these elementary process-
es are controlled by the electronic and geometrical frame-
work at the metal center as defined by the ligand environment
and hence are closely related to the traditional realm of
organometallic catalysis. Before discussing these control
mechanisms, we first need to clarify the use of the expressions
outer-sphere and inner-sphere mechanisms in electrocatalysis
and organometallic catalysis.

In electrocatalysis, the outer-sphere pathway, also de-
scribed as redox catalysis, refers to a pathway in which the
catalyst system only behaves as an electron carrier from the
electrode to carbon dioxide.” In this case, the ligand
environment is not substantially involved, and the electronic
interaction between both reaction partners is marginal.*’!
Therefore, the electron needs to bridge a certain spatial
dimension. Since the main intermediate species for further
reactions of CO, is the CO, radical anion, the reaction
pathways are comparable to those described by Costentin
et al. for the reduction of CO, directly at the electrode surface
(Scheme 1).14

The radical anion can either dimerize to the oxalate
species or give CO and carbonate by reaction with a further
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Scheme 1. Typical reaction pathways initiated through an outer-sphere one-

electron transfer for CO, activation.!*!

equivalent of CO, because of its amphoteric character. In the
presence of water, the formate anion is formed." This type of
electron transfer is favored over the direct transfer at the
electrode because of the higher electron availability which, in
turn, is caused by the allocation of the catalyst in between the
substrate molecules. Furthermore, the activation can be
accelerated by a shift of the equilibrium if the subsequent
reactions are thermodynamically favored and rapid (e.g.,
protonation or radical coupling).””

In contrast to the outer-sphere pathway, the inner-sphere
mechanism traverses a chemically bound carbon dioxide
adduct at which the electron transfer occurs. Subsequently,
the activation barriers for the reaction must be overcome to
yield the desired product. Compared to the outer-sphere
mechanism as defined above, where the formation of the
radical anion is unfavorable due to the high energy required
to bend the linear CO, molecule, the inner-sphere catalytic
conversion of CO, takes advantage of its coordination to the
transition metal.*’

In organometallic chemistry, however, the distinction
between inner- and outer-sphere mechanisms is made accord-
ing to the coordination of the substrate that is attacked by
a reactive group already bound at the metal center. Consid-
ering the electron as the reactive group, all electrocatalytic
reactions involving electron transfer to a metal-bound CO,
fall into the inner-sphere category. However, a second equally
important pathway for CO, reduction involves the formation
of a metal hydride complex as an intermediate rather than
direct electron transfer. While the hydride transfer may
involve additional precoordination of CO, and hence an
inner-sphere pathway, this is by no means required.*® In fact,
the hydride transfer to C=0O units is the classic case for outer-
sphere reaction steps in organometallic catalysis, as prom-
inently featured, for example, in the Noyori mechanism for
the asymmetric hydrogenation of ketones.*”! These reactions
formally involve the transfer of a hydride and a proton to the
non-coordinated substrate, either stepwise or in a concerted
fashion through a five- or six-membered transition state. The
corresponding outer-sphere H-transfer from transition metal
centers to CO, is widely inferred in organometallic catalysis
for CO, hydrogenation.”™!

Angew. Chem. Int. Ed. 2021, 6o, 11628 —11686

Reviews

Internati

Fortunately, the two disciplines share a common
view of the molecular processes on the basis of the
involved intermediates for which we propose a com-
monly applicable terminology. In essence, the re-
duced catalyst species [L,M]*"' (M =metal, L=
ligand, m =stoichiometry of coordinated ligands,
n=formal oxidation state/charge of the metal) can
transfer electrons to carbon dioxide via two distinct
mechanisms (Scheme 2):

- electron transfer through the molecular complex,
ETy
The electron is transferred to CO, directly from the
[L,M]*" unit, mostly—but not exclusively—by
coordination of CO, at the metal center.

- electron transfer through the hydride, ETy
The electron is transferred to CO, by hydride
addition corresponding to a CO, insertion into the

M—H bond via an inner- or outer-sphere mechanism.

The archetypical ETy; and ETy pathways, as well as
common variations thereof, will be explained conceptually in
the next sections. Specific examples will be presented in the
literature review in Section 3, followed by an attempt to
extend the concept to more complex reaction schemes
involving additional substrates beyond CO, and protons in
Section 4.

(LnM]"

/ [Lm'\/”n.1

co, H*
ET,, [L.M(CO, )™ [L,M-H]" ET,
2H*+e-l HC02+H*+e‘
Products Products

Scheme 2. Categorization of the ET,, and ET,, pathways for electron
transfer to CO, during transition metal catalyzed electroconversion of
carbon dioxide (M =metal, L=ligand, LA= Lewis acid, m=stoichiom-
etry of coordinated ligands, n="formal oxidation state/charge of the
metal).

2.2. Electron Transfer through the Molecular Complex (ET,)

The coordination of CO, to the transition metal center
constitutes an essential prerequisite for the ETy pathway
(Scheme 3).8! It should be noted, however, that the electron
transfer to CO, in the ET), route occurs by the involvement of
the entire molecular architecture comprising the transition
metal and its ligand environment. A significant number of the
transition metal complexes in electrochemical CO, reduction
rely on molecular architectures incorporating so-called non-
innocent ligands (e.g., pyridines (py) or imines). Their ability
to undergo redox reactions by accepting or donating electrons

© 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH www.angewandte.org

An dte

Chemie

11633


http://www.angewandte.org

GDCh
~—

11634

makes them additional electron carriers and a crucial part of
the reduction cycle.”! As an example, the CO, reduction
catalyst [Re(bpy)(CO);]* (bpy = 2,2'-bipyridine) investigated
by Lehn and co-workers®! must be reduced twice to generate
the active [Re(bpy)(CO);]~ species. In their work, Benson
et al. demonstrated a formal reduction of the rhenium center
in [Re(bpy)(CO);]" to the oxidation state zero and that the st*
orbital of the bpy unit takes on the second electron.”! Similar
redox properties of organic compounds capable of CO,
reduction form the basis of metal-free organocatalysts in
electrocatalysis as described elsewhere.")

More than ten coordination modes of CO, at up to four
metal centers simultaneously in various oxidation states are
reported in the literature.'***3 For clarity, we discuss the
mechanistic principles for the interaction with a single metal
center only. The side-on n?-C,0 bonding mode of neutral CO,
can lead to stable complexes, such as the famous Aresta
complex,® and is widely inferred in thermocatalytic CO,
conversion, especially for [242] cycloaddition-type trans-
formations. The backbonding into the t* orbital, according to
the Dewar—Chatt-Duncanson model, already leads to a bend-
ing of CO,, potentially activating it towards the full electron
transfer.’” This can result in two different coordination
modes of the formal radical anion—n*-O,0 or n'-C—defining
a mechanistic junction for the formation of C, or C, products
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(Scheme 3). It is important to note, however, that the side-on
complexation does not necessarily form an intermediate, but
is assumed often to be a transition state on the way to the
other binding modes.

In the case of an 1-0,0-bound CO, radical anion
(Scheme 3, left), the carbon atom can be attacked by
a second equivalent of the adduct to form a covalent bond.
Dissociation of the two metal complexes leads to oxalate
release, often followed by precipitation with cations in the
solution, resulting in a shift of the equilibrium. Recent
mechanistic® and theoretical investigations® on transition
metal mediated oxalate formation (i.e., C—C coupling reac-
tion) suggest a bimetallic intermediate featuring a p-n*:m'-
CO, sandwich complex. This implies CO,>~ as an activated
species, which has been found as a local minimum on the
potential energy surface of many CO, reactions.” It can react
directly with an uncoordinated molecule of CO,**" rather
than involving an electrochemically generated CO, radical
anion.F¥

The n'-C coordination corresponds to the crucial inter-
mediate in most ETy reactions described to date. The
metallacarboxylate intermediate can be protonated to the
resulting hydroxycarbonyl species, which constitutes a second
mechanistic junction. On the one hand, the release of water
and carbon monoxide can be initiated, while, on the other

hand, the addition of a second proton
and reductive elimination releases
formic acid. Isomerization of the
hydroxycarbonyl intermediate to the
formate species prior to the release of
formic acid has been reported by Chen
et al. (see Section 3.3, Scheme 16).
The release of CO is generally
accepted to be favored via a push—pull
mechanism. The reduced metal center
donates electron density to the carbon
atom through the n'-C coordination,
which thus occupies the antibonding
orbitals. In the presence of Brgnsted
acids (HA, Scheme 4), two equivalents
of acid can interact with the anionic
oxygen atom to reduce its electron
density. The two factors together lead
to a significant weakening of the C—O
bond, eventually resulting in the elim-
ination of water. Further uptake of an
electron leads to CO release and cata-

e lyst recovery.’*" It was found that the
acid used may be neither too strong nor
too concentrated to keep the concen-
tration of protons near the electrode
OH low and avoid direct proton reduction
| to molecular hydrogen as a frequent

//O
n-1 ¢
[L"‘M]_"g
n%-C,0
(0]
A
[LmM]‘Cl)"
n%C,0
/9\ - L
[LmM]"Q./C [L,M] —C\"Q
~0 o]
n>-0,0 n'-C
dimerization
o] [0)
N\ 2 €
L.M|"@'c—C: n
[t ]\é/c C\b@/[ML”‘] co,
A2+

2 [L,,M]"+ C,0,% [L,,M]" + CO + CO2 + LA

Scheme 3. Coordination modes of CO,, resulting reaction pathways, and possible products of

the ET,, route (for definitions, see Scheme 2; LA=Lewis acid).

[L,, M+ HCO,H

side reaction. Methanol, 2,2.2-trifluor-

e, H* l oethanol (TFE), phenol, and even
water are suitable weak acids.**!

[LnMI"+CO+H,0  Since the influence of proton donors is
crucial for the catalytic performance,
several attempts have been reported to
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L, M]"™1-CO [LyM]™?

H,0+2A o
2

o]

4 /
[LyMI"=C (LM -Cie

P
[LMI"=C
0—H. 0

HA

HA

Scheme 4. General push—pull mechanism of the Brgnsted acid (HA)
assisted reduction of CO, to CO.

incorporate carboxylic acid or phenol groups in the ligand
systems as proton sources or relays.[*]

Although the overall reaction to convert carbon dioxide
into carbon monoxide and water consumes two protons and
two electrons in each case, the sequence of reduction and
protonation (reduction first vs. protonation first) has a sig-
nificant effect on the required potential and, hence, the
energy efficiency of the reaction. In general, reduction first
occurs at more negative potentials and, therefore, is the less
desired pathway. The competition between “protonation
first” and “reduction first” pathways was explicitly observed
for Mn- and Re-bpy complexes by Riplinger et al. (Sche-

me 5).%%] According to their arguments, protonation of the
CO, adduct is necessary to stabilize the metallacarboxylate
for manganese, since CO, binding alone is endergonic relative
to the dimerization of the pentacoordinated intermediate (see
Section 3.2). Rhenium, however, exhibits a higher binding
affinity for a sixth ligand compared to its 3d analogue. This
results in a need for more negative potentials to generate the
pentacoordinated active species and thus favors the “reduc-
tion first” pathway. Conversely, Mn needs less high over-
potentials and, therefore, can traverse both routes.

The possibility of a different reaction channel has been
suggested in the presence of alkaline-earth Lewis acids (LAs;
Scheme 3, middle). The LA stabilizes the intermediate n'-
CO, " species, allowing a second equivalent of CO, to take
part in the reaction. Through a proposed cyclic transition
state, one oxygen from CO, is transferred formally as O*~ to
yield reduced CO and carbonate, which is released as the LA
salt. Sampson et al. postulated this pathway for electrocata-
lytic CO formation using Mn-bpy complexes (see Sec-
tion 3.2).14

2.3. Electron Transfer through the Hydride (ET,)

In the ETy route, a metal hydride (M-H) complex acts as
the reactive intermediate, which is formed from the electron-
enriched, reduced metal center and a proton. Hydride attack
at the electrophilic carbon center of CO, transfers the
reduction equivalents simultaneously with the bond forma-
tion. The elementary processes are very similar and, in many
cases, even identical to the analogous steps in the thermoca-
talytic transition metal-catalyzed hydrogenation of CO, to
provide C, molecules such as formic acid and methanol
(Scheme 6). There are numerous examples of catalysts, and

protonation first
] e
oQC/o Oy OH co
CNII' [\l/l WCo H* CN/,, I\III Co H* CN/,, l\l/l Co
N" | ~co N" | ~co -H,0 N" | ~co
€O, co co co
CN,,, WCOo
- ) .
N~ | ~co e € N
co
\
2_ -
04,0 _I Oy OH (co)
CN/l’ | \\“CO —H+> N/, I ‘\“CO —>H+ Ny, | .\\‘CO
‘o C ‘o C ‘M
N | ~co N~ | ~co -H0 N~ | ~co
co co co
reduction first
o
-co

Scheme 5. “Protonation first” and “reduction first” mechanisms described by Riplinger et al. (M =Mn/Re, NNN =bpy). Adapted with permission

from ref. [60a]. Copyright 2015 American Chemical Society.
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3. Transition Metal Complexes as Catalysts
in Electrochemical CO, Reduction

The following sections provide an overview of

the state of the art for CO, conversion into

co, valuable products combining transition metal

catalysts and electrochemistry. The vast majority

Y 5 ] qf the known catalytic systelps aim at the produc-

L M—T LD lcl LaM—0 tion of CO or foqnate or ml).itures thereof. Erot.n
™ "N A - & SH the organometallic perspective, the material is
0 ° organized according to the position of the metal

component in the periodic table. Due to the

& e H rapidly growing number of examples and the
intertwining of several fields such as photo-,

thermo-, and electrocatalysis, the selection is not

[LMI™+ H, [L,M]" + HCO,H claimed to be exhaustive. Besides general indica-

Scheme 6. Reaction pathways and possible products of the ET,; route (for defini-

tions see Scheme 2).

the intricate details of the mechanisms have been studied
widely in this area of CO, conversion.®*¢

In cases where the bond formation occurs via migratory
insertion, end-on 1'-O coordination of the CO, typically
precedes the hydride transfer. Although the side-on n>-C,0
coordination is also possible, it is less likely as intermediate
because the electrophilicity of the carbon center is lower in
this binding mode. The 1'-O coordination corresponds to
a Lewis acid/base interaction with the free lone pair of the
CO, molecule. Given the typically highly reduced state of the
metal center, its Lewis acidity is rather weak in many cases,
however. The hydride transfer through direct outer-sphere
attack at CO, is, therefore, a viable alternative in such
systems. In both cases, a formate complex will be formed after
the hydride transfer, whereby the carboxylate group may be
coordinated in either a monodentate or bidentate fashion.
Only the monodentate mode is shown in Scheme 6 for clarity.

Subsequently, the formate ligand can be protonated,
followed by dissociation of formic acid. The protonation
usually occurs at the non-coordinated C=O bond in the
monodentate form. However, protonation can also occur
already at the stage of the hydride complex, resulting in the
evolution of molecular hydrogen as an important side
reaction. The pH of the reaction medium is, therefore, an
important extrinsic parameter for selectivity control.[°)

Although transition metal hydride intermediates strongly
favor the formation of formate products, CO can be evolved
in certain cases. Isomerization of the metal formate inter-
mediate to the hydroxycarbonyl species of the ETy, pathway
has been reported to account for CO formation, for example,
with ruthenium catalysts (vide infra in Scheme 20 in Sec-
tion 3.3).! For rhodium phosphine complexes, the distinct
pathways to formate and CO via the hydride and hydrox-
ycarbonyl intermediates, respectively, have been initiated by
electro- and thermochemical means within the same ligand
framework.[**!

tors such as turnover numbers (TONs) and
turnover frequencies (TOFs), the overpotential
1, the Tafel plot (i.e., log(TOF) vs. overpotential),
and the Faradaic efficiency (FE, i.e., percentage of
electrons used to generate a specific product) are commonly
reported.”” Here, we will focus on the Faradaic efficiency as
a proxy for the yield of a specific product in an electro-
chemical reaction. H, and CO as products are not included for
Faradaic yields below 10 %. Wherever possible, the data will
be corroborated with the reaction mechanisms, as defined in
the previous section. Cyclic voltammetry (CV) is discussed in
more detail when it constitutes the core method for the
mechanistic analysis of specific systems. Studies investigating
the CO, binding mode explicitly are also highlighted. Since
the evaluation of the performance of an electrocatalytic
system is strongly dependent on reaction conditions (e.g.,
reference electrodes/couples, electrolyte, CO, saturation,
proton source!®?), conclusions about intrinsic structure—
activity relationships have to be drawn with great care. A
similar caveat applies to the mechanistic interpretation,
where extrinsic parameters may also influence the preferred
pathway.

3.1. Group 6: Cr, Mo, W

Group 6 of the periodic table comprises several examples
of metal complexes that show activity in the electrochemical
reduction of CO,. Nature uses molybdenum and tungsten as
the active center in enzymes for reversible interconversion of
CO, and formate, which is undoubtedly a source of inspira-
tion."” As summarized in Table 1, the major products
obtained by Group 6 metals are carbon monoxide, with
maximum Faradaic efficiencies in the range of 100 % and, to
a limited extent, formate as well (Table 1, entries 2a and 3;
note: all tables can be found in the appendix after the main
text). The most frequently reported ligands for the production
of CO are combinations of carbonyls and bpy deriva-
tives.”>” By using complementary spectroscopic and elec-
troanalytical methods (CV, chronoamperometry, and UV/Vis
as well as IR spectroscopy), Tory et al. could identify the
[M(CO),(bpy)]*~ species (M =Cr, Mo, W) as catalytically
active at potentials below —2.0 V vs. ferrocene/ferrocenium
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(Fc/Fc*).""™ Similar to the rhenium complexes reported by co
Lehn and discussed in Section 3.2, the bpy unit serves as an 0C,, | weo
electron-acceptor functionality and, thus, constitutes a crucial oc” '\l/'\co
part of the catalyst. This might be at least partly the reason for co
the preferential generation of CO regardless of the central i
atom (i.e., Cr, Mo, or W).
Several recent papers emphasize the enhanced CO o, H0 OH
dissociation rate on gold electrodes, which shifts the mech- A £ )«
anism towards “CO loss first” at a potential significantly less
negative than that for “reduction first” (Scheme 7). This e —|2‘ o _’2‘ o —|
: . 0C,, | wco oc,, | wco 0c,, | wco
effect even surpasses the influence of structural changes in the OV GV OV
ligand environment.’*! oc” | co, oc” | m oc” | vy
co co co
%I’NEO\\ES CO,+2e  CO+CO5” H,or H' or CO,
~’ HCO, +2e
Scheme 8. Potential catalytic cycles for electrocatalytic CO, reduction
ca.-20V,+e by Group 6 M(CO); species in the presence and absence of a proton
source as proposed by Grice et al. Reprinted with permission from
ref. [49c]. Copyright 2016 American Chemical Society.
= co _|'- CO loss first (Au only) _— —|~-
~No,, l“ﬂ\co -co SN, &9
%’ M|°\co o %’ M°\\co The only other example for formate generation of Group
= co = co 6 transition metals was reported for a [Mo(CO),(n’*-allyl)-
(bpy)(NCS)] complex (Table 1, entry 3). Tory et al. applied
reduction first (Au + Pt) @-22v,+e  the same analytical methods as those used for the bpy/
ot carbonyl complexes and showed that the reaction mechanism
involves a Mo dimer after dissociation of the NCS™ anion.
=~ TO B = \\co—l z Furthermore, they were able to detect the presence of
%,M'o\zz —<© . %/W\\co formate in solution as well as coordinated to the metal in
~’ (o ~- o the [Mo(CO),(n’*-allyl)(bpy)(O,CH)] complex by IR analysis,
indicating an ETy; reaction pathway.™!
Scheme 7. Mechanistic shift towards the active species [Mo(CO);- The Kubiak group published one of the few examples of
(bpy)]*” and enhanced CO dissociation rates by usage of gold electro- Group 6 transition metal complexes that do not involve
des as proposed by Neri et al."*! S 17s] .
a bipyridine backbone.!” They proposed that the pyridyl
monoimine (PMI) ligand coordinating the molybdenum
center (Table 1, entry2b) can be
The hexacarbonyl derivatives of the bipyridine catalysts  reduced in the process. Upon reac- Z | |O 1z
(Table 1, entries 2a and 4) were investigated by Grice et al. to  tion with CO, it generates a partly oc N oé/
determine whether Group 6 metal complexes could convert  stable CO, adduct as depicted in \‘_rv%c(—N
CO, even without the additional redox activity of the non-  Figure 5 rather than converting it. oc o %
innocent bpy ligand. The investigated complexes still showed Their proposal was supported by PP
catalytic performance, but an unexpected behavior was 2D NMR spectroscopy, as well as Figure 5. [( - PMI)Mo-
: . (CO);(CO,)* adduct
observed in the presence of water. In the absence of H,O, spectroelectrochemical (SEC) and reported by Kubiak and
a catalytic current for reaction with CO, of approximately  X-ray crystallographic analysis. Fur- 5 .yorkers.”!
—380 nA was obtained. Upon the addition of water, this  thermore, the authors reported that
current decreased to only —50 pA. Following the proposed  the detected FE of 10% for CO originates from ligand
reaction pathways for CO, reduction described above  dissociation rather than catalytic activity. This work further
(Scheme 4), water seems to act as a proton source that substantiates the possible involvement of the ligand in the
opens a second route to the product besides the disproportio-  coordination of CO, for Group 6 transition metals.
nation of two CO, equivalents. Alternatively, Grice et al.
proposed that water could coordinate to the metal instead of
the CO, molecule.* 3.2. Group 7: Mn, Re
Besides the influence of protons on the mechanism for
CO evolution, the authors also described a switch to the ETy The bipyridine ligand class, in combination with carbonyl
pathway resulting in formate as the product, since the ligands, also plays an important role in Group 7 transition
formation of the crucial hydride species is enabled when metal-based catalysts.”®! Methyl,” fert-butyl,™ and mesityl
a hydrogen source is present (Scheme 8). groupst™ as well as amide functionalities™ constitute only
a selection of modifications that were used to change the
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coordination environment of the metal (Table 2, entries la—i;
Table 3, entries 1a—i). Furthermore, ligand platforms based on
(P)NP pincers®™! (Table 2, entries 2a and 2b), N-heterocyclic
carbenes®! (Table 2, entries 3, 9, and 11; Table 3, entry 3a),
and various other nitrogen-containing aryl compounds (e.g.,
based on terpyridine (tpy), phenanthroline (phen), triazol
(tr), and phthalocyanine (Pc)) were reported in the litera-
ture. Both manganese and rhenium compounds yield
selectively carbon monoxide with Faradaic efficiencies
above 90% (Table 2 and Table 3).

The most prominent [Mn(bpy)(CO);]" type complexes
(Table 2, entries la—i) are known to dimerize to [Mn(bpy)-
(CO);], after an initial one-electron reduction concomitant
with halide dissociation (if applicable). Further reduction
leads to the formation of the active species [Mn(bpy)(CO);]~
as investigated by Kuo et al.®™ In a report by Bourrez et al.,
the corresponding reduction waves occur at —1.56 V and
—1.80V vs. Ag/Ag® electrode.™ Since dimer formation is
reported to be relatively slow when compared to the redox
processes, the overall reaction rate decreases.[” To prevent
this behavior, Sampson et al. incorporated bulky mesitylene
(Mes) moieties into the bpy unit. The corresponding complex
showed a single two-electron reduction wave at —1.6 V vs. Fc/
Fc'. Controlled potential electrolysis (CPE) at —2.2 V vs. Fc/
Fc* with 0.3 M TFE as acid resulted in a Faradaic efficiency of
98 4+ 6 % .* Mechanistic investigations by Machan et al. using
infrared spectroelectrochemical (IR-SEC) analysis as well as
vibration sum-frequency generation (VSFG) spectroscopy by
the Cowan group led to the identification of a carbon-bound
intermediate following the ETy, pathway.’”l DFT calculations
by Lam et al. are in agreement with this interpretation of the
experimental observations.”*®!

While usually Brgnsted acids are employed to direct the
push—pull mechanism of the ET,; pathway towards CO and
H,0 (Scheme 4), Sampson etal. shifted the mechanism
towards CO and CO;*~ formation by using alkaline-earth
metal cations (especially Mg®") as Lewis acids (Table 2,
entry 1g).* Hence, the cation stabilizes an M—CO,~ species,
which enables the reaction of a second CO, molecule
(Scheme 9). The precipitating magnesium carbonate, in
combination with the released CO gas, shifts the equilibrium
even further to the product side compared to CO evolution
alone. However, the deposition of MgCO; at the electrode
surface can inhibit the reaction in the long run. Complemen-
tarily to the experimental investigations, computational
studies of Wang et al. support these mechanistic insights."”l

Apart from the carbonate dianion as the product of the
reductive disproportionation of CO,, bicarbonate as its
protonated form, can also act as an intermediate in the
catalytic cycle. Zeng et al. described a catalyst system
based on the 1,4-diazabuta-1,3-diene ligand contain-
ing isopropyl substituents and performed extensive
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Reductive Disproportionation

2C0,+2e —> CO+C0,%

Scheme 9. Lewis acid assisted electrocatalytic reduction of CO, to CO
and CO;* (R=mesityl). Adapted with permission from ref. [64].
Copyright 2016 American Chemical Society.

out that a further unidentifiable intermediate generated at
more negative potentials of 650 mV is ultimately responsible
for the release of CO. The authors do not provide a Faradaic
efficiency for the reaction but propose that the elevated
concentration of CO near the electrode surface enables the
formation of a dormant [Mn(CO)s]* species that limits the
overall effectivity of the system.

Koizumi et al. used deprotonated triethanolamine as
a monodentate ligand on their Mn-bpy complexes to capture
carbon dioxide.” The reversible insertion of CO, into the
Mn—O bond according to the proposed mechanism
(Scheme 10) occurred with an equilibrium constant > 1000
and was confirmed by NMR and IR spectroscopy as well as
DFT calculations. However, the conversion of the coordi-
nated substrate was not addressed in this report.

A similar system using rhenium instead of manganese
showed that M—CO, binding and transformation occurs even
for gas mixtures with low CO, concentrations such as air (vide
infra).

Going further into the topic of ligand-assisted CO,
capture, the Chardon-Noblat group investigated N,N'-coordi-
nated 1,10-phenanthroline-5,6-dione manganese complexes.
They showed that the keto groups play a crucial role in
electrochemical CO, conversion (Table2, entry 8a).'"
According to the authors, each functionality can undergo

IR- and UV/Vis-SEC measurements to elucidate the _ - b i
mechanism of the observed reduction of CO, to 0\\ Nk o o/ » o gt e
CO."% During their investigations, they were able to &N, ¥ ..co “ SN o - < 'N:,N!ﬁ \Co
identify an 1'-OCO,H" intermediate formed at ca. N7 I"~co 1 \N'N|In‘co 7SN7 | Yco

Z o Z Co = CO

—1.4 V vs. Fc/Fc™ based on the assignment of the C-O
IR frequencies, and could even chemically confirm
the identity of the active species. However, it turned

Scheme 10. Possible mechanism of CO, insertion into the Mn—O bond
(R=CH,CH,OH).”* Published by The Royal Society of Chemistry.
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one-electron reduction to the radical anion followed by the
formation of the carbonic acid adduct (Scheme 11).

o 0 o, 0 o_oco;
— X e =X | +co, X
M~ N o \
X N, | N= - X N, ‘\N_ -~ N N, | N=
N Mn
oc"vin‘co oc” | Yo
co L o
0,__0c0, "0, 0CO;
S| e ST [ 2%
NIM‘\N_ T \ N, | N= P
n Mn
34 »
oc” | ~co oc” | Yo
L o L co

Scheme 11. Two-electron reduction of Mn(phen-dione) in the presence
of CO, (X=MeCN)."?!

Despite a Faradaic efficiency of 100 % for the conversion
of CO, to CO at —1.70 V vs. Ag/Ag™, the authors could not
directly correlate the catalytic activity to the interaction of
CO, with the reduced ligand system.

A well-known strategy to increase the activity of a homo-
geneous electrocatalyst is its direct immobilization on the
electrode surface.”*! This facilitates electron transfer from
the electrode to the metal center. Sun et al. formed covalent
bonds between their NH,-group-containing ligand systems
and the carbon-based working electrode by 1) electrooxida-
tion of the amino functionality and surface carbon to form C—
N bonds and 2) electroreduction of the corresponding diazo-
nium salts to form C—C bonds (Table 2, entry 1¢).” In both
cases, the Faradaic efficiency for CO remained close to 100 %,
while the TON increased from 7 for the homogeneous
catalyst to more than 300 upon immobilization in only
a quarter of the reaction time. The authors did not address
possible changes in the reaction mechanism pathway that
could constitute an alternative reason for enhanced produc-
tivity. Further studies on this topic and a general overview
published by the same group can be found elsewhere in the
literature. 1211

In the same context, a report by Reuillard et al. empha-
sizes the effect of the concentration of the catalyst attached to
the electrode surface on the reaction mechanism
(Scheme 12). The authors considered a pyrene (pyr)-modified
bpy-based ligand system to exploit m—x stacking interactions
between the ligand and the carbon electrode (Table 2,
entry 1d).” As previously mentioned, most of the Mn-bpy
catalysts for electrochemical CO, reduction traverse a dimer
state before generating the active species for CO formation.
This, however, requires a sufficiently high catalyst concen-
tration, which is confirmed by the formation of CO from CO,
in a Faradaic yield of ca. 34% only at increased catalyst
loadings as the dimerization becomes more favorable. When
less catalyst is adsorbed at the electrode, the authors detected
HCO,H (FE=8%) accompanied by H, generation with
a maximum FE of 59 %. Mechanistic evaluation by UV/Vis-
and IR-SEC indicated a switch from the ET\, pathway for CO
generation to the ETy mechanism. These findings are in line
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High surface concentration: Mn dimer

Br CO, +2 H 5

co

HCO,H/H,

Br

CO,/H* + H,0

Low surface concentration: Mn hydride

Scheme 12. Schematic representation of [Mn(bpy-pyr) (CO);Br] immo-
bilized on a carbon nanotube sidewall with mechanistic change due to
variation of the catalyst loading.?

with the catalytic results since HCO,H and H, can both
originate from an involved metal hydride species during the
ETy catalytic cycle.

Other examples of Mn-based molecular catalysts capable
of formate formation during electrochemical CO, reduction
are the systems reported by Mahmood et al. and Franco et al.
The Mn-phthalocyanines synthesized by Mahmood et al.
(Table 2, entry 13) exhibited an FE of 26 % at —2.00 V vs.
saturated calomel electrode (SCE) after attachment to
a PTFE-bonded carbon gas diffusion electrode. Hydrogen
generation (FE=77%) exceeded the formation of formic
acid, but no further mechanistic investigations were pur-
sued.'™ The approach of Franco et al. relied on spectroelec-
trochemical techniques based on UV/Vis and IR analysis.””!
In order to investigate the influence of protons on the
electrochemical CO, reduction pathway, they synthesized two
bpy-coordinated Mn complexes and attached a triphenol
group containing hydroxyl functionalities in meta (m) and
para (p) positions to the first catalyst, as well as a diphenol
group with hydroxyl substituents in ortho (o) positions to the
second catalyst (Table 2, entry 1f; Figure 6).

In CPE experiments, when H,O was added as a Brgnsted
acid, the o-catalyst showed a 16 % higher Faradaic yield for
CO compared to the m/p-species (74 % and 90% ), under-
pinning the importance of pendant proton relays for the ET),
reaction pathway. Starting with Faradaic efficiencies of 4 %
towards HCO,H for both catalysts using water as a proton
source, they increased to 10 % for the m/p-complex and 36 %
for the o-compound in the presence of TFE. The performed
IR-SEC analysis showed transient metal hydride species,
which were hypothesized to be the active species. This is
consistent with a catalytic cycle involving an ETy; mechanism
where the local proton source facilitates the generation of the
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[Mn(0-CgH3(OH),-bpy)(CO);Br] [Mn(m/p-CgH,(OH);-bpy)(CO);Br]

Figure 6. Phenol-modified electrocatalysts reported by Franco et al.l””

M-H species. When phenol is used as an even stronger acid,
the generation of formic acid almost stagnates while the
evolution of hydrogen gas increases from ca. 2% FE to
approximately 20 %. Since the two products compete during
the ETy pathway, an increase in the proton concentration
and, hence, a favored reduction of this substrate by the M—H
species is expected.

The Schofberger group reported a Mn—corrole species
immobilized on a carbon paper electrode (Table 2, entry 12)
via a polyethylene glycol (PEG)-modified ligand backbone,
as an example of a manganese catalyst capable of producing
MeOH (FE =23%) and acetate (FE=63%).""! Although
a detailed mechanistic investigation has not yet been per-
formed, the authors propose an ETy pathway with a possible
Mn"™ carboxyhydroxyl intermediate towards methanol for-
mation and an oxalate type key species for acetate produc-
tion.

While manganese catalysts became popular in CO,
reduction most recently, rhenium featured early in this area
with a first appearance in the 1980s as [Re(bpy)(CO);Cl]
(Table 3, entry 1a) and is still
the metal of choice in some of
the most active catalysts
reported to date” Wong
et al. reported a Faradaic effi-
ciency of almost 100 % in elec-

. Ly
R =

trolysis experiments with [Re- 2 e, [H']

(bpy)(CO);Cl] at —1.96 V vs.

Fc/Fc® by wusing TFE as

a proton donor. Kinetic studies

showed a second-order
dependence of the reaction
rate with the acid concentra-
tion that supports the proposed
reaction mechanism in
Scheme 4.  Moreover, the
authors concluded that water
as a Lewis base is not a suitable
weak Brgnsted acid because it
competes with CO, for the
binding site."”?! As described
in Section 3.1, Grice etal.
came to the same conclusion
on the competitive coordina-
tion of CO, and H,O while
studying Group 6 transition
metals.[*]

Investigations on the reac-
tion mechanism for the forma-
tion of CO by SEC, EPR,
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Raman spectroscopy, and theoretical calculations confirmed
the ET,; pathway for the unsubstituted bpy coordinated Re
complexes (see methods of Table 3, entry 1la). Most of the
catalyst derivatives from this molecular platform (Table 3,
entries 1b-i) are expected to follow similar if not identical
reaction pathways.

One exception is the tyrosyl-modified Lehn catalyst
described by the Kubiak group, which mediates the reductive
disproportionation of CO, into CO and CO,>~ (Figure 7).

IR-SEC studies confirmed a mechanistic cycle involving
a dimeric species (Scheme 13). The characteristic peaks
indicate the mixed-valence state Re’Re' in the dimer.
Consequently, Re’, with its higher electron density, can
coordinate the electropositive carbon atom of the CO,
molecule while the less electronegative Re' metal center
coordinates to one of the two oxygen atoms. Insertion of

>/-—NH 0 0 HN—\<
R“H HH °

- 7\
\ N/ -

AN
CInRE=CO
/\

o¢ o
R = CH,Ph, CH,PhOH

Figure 7. Amino acid functionalized Re-bpy catalysts, reported by
Machan et al.l'*¥

RN €O
x-Nu,, |‘\\CO
e
" SNTco Co,

Scheme 13. Bimolecular mechanism for the reductive disproportionation of CO, to CO and CO;*~ by
active species of the type [Re(bpy) (CO)] as proposed by Kubiak and co-workers. Adapted with permission
from ref. [137b]. Copyright 2014 American Chemical Society.
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a second CO, molecule with subsequent CO dissociation
yields the carbonate-bridged Re dimer that separates upon
further reduction and releases carbonate or bicarbonate (the
latter in the presence of protons). Since only one rhenium
center is reduced to the Re’ species, this mechanism is
frequently referred to as a one-electron pathway in the
literature.

Despite the fact that two Re-bpy complexes are located
directly next to each other in the cis conformer of the
anthracene-bridged system reported by the Jurss group
(Table 3, entry 1f), it does not catalyze the reduction of CO,
in the manner of the one-electron pathway. According to their
experimental and computational results, the restricted rota-
tion of the Re-bpy fragments does not allow the insertion of
a second CO, molecule."*! Hofmann degradation of the
added tetrabutylammonium conducting salt is likely to be the
source of protons and, hence, enables a dimeric version of the
previously discussed push—pull mechanism that eventually
results in water instead of carbonate as the coupling product
(Scheme 14). The authors further propose that the trans
conformer follows the same mechanism in a mononuclear
reaction pathway. The observed Faradaic efficiencies are in
the same range for both isomers (CPE at —2.5 V vs. F¢/Fc' for
60 min, cis: 81 %, trans: 89 %).

As can be seen from Table 3, the vast majority of the
electroreduction catalysts based on Re perform very well in
the transformation of CO, to CO, while the formation of
formic acid is only achieved in individual cases. One of them is
the alkoxide-ligated Re compound synthesized by Kumagai
et al. (Table 3, entry 1g), which reached 95% FE for CO

+H* =
0C{\ )

=68

OC—Re-70, .-Re=
I'NY ¢ [N |
N \\ OHNA,
b )

Scheme 14. Proposed CO, electroreduction mechanism for the cis
conformer in the study of Yang et al. Adapted with permission from
ref. [140]. Copyright 2018 American Chemical Society.
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production and 27 % for HCO,H generation, depending on
the applied conditions.""l IR spectroscopy and UHPLC were
applied to identify intermediates/products in the reaction
solution and indicated that only the generation of CO
proceeded through the insertion of CO, into the Re—O
bond. For formate generation, the authors proposed an ETy
pathway, in which the hydride species originates from
reduction and proton binding either directly after the loss of
the alkoxide ligand or from a Re-DMF species formed by the
association of the solvent.

3.3. Group 8: Fe, Ru, Os

As a general trend, Group 8 elements mark the first
transition metals that are capable of yielding products other
than carbon monoxide, also in good to excellent Faradaic
yields. Both the ET\; and ETy; pathways seem to be readily
accessible for these metals, with the ligand framework as well
as the reaction conditions as the factors controlling which of
them is preferred.

Iron, as one of the cheapest and most abundant transition
metals, represents a very selective, efficient, and durable
catalyst for CO production when coordinated by porphyrin
ligands and environed by a Lewis or Brgnsted acid (Table 4,
entries 1a—k)."”! Faradaic efficiencies of 100% can be
reached, for example, through the addition of TFE at
a potential of —1.46 V vs. NHE (Table 4, entry 1).””! This
could be related to the high electron density of the metal
center caused by the four coordinated nitrogen atoms.
Therefore, the metal can push more electrons to the carbon
of the CO, molecule, which leads to an accelerated push—pull
mechanism and results in the weakening of the C—O bond.!'""
A variety of groups investigated this particular type of ETy
pathway for Fe porphyrins, but the analysis seems to rely
mainly on DFT calculations (Table 4). Francke and co-
workers applied the same method to a cyclopentadienone-
based iron complex complemented by IR-SEC analysis and
even chemical isolation of important species (Table 4,
entry 7). Their system was found to catalyze the electro-
chemical transformation of CO, to CO with 96% FE
following the mononuclear ET); mechanism, but it can also
form an intermediate dimer species bridged by CO ligands
(Scheme 15). The addition of protons enables the release of
CO and further CO, coordination. Interestingly, the authors
discovered the metal hydride species to be dormant and,
hence, did not observe any formic acid.

Iron complexes bearing porphyrin ligands are also known
as electrocatalysts for the formation of formic acid, but no
detailed mechanistic studies have been reported as yet.['”]
According to a report by the Kraatz group, methane can be
produced by Fe porphyrins immobilized on multiwalled
carbon nanotubes (MWCNTSs) with a FE of 41%.1! The
group modified the porphyrin ligand framework with pyridyl
and anisyl substituents prior to coordination and immobiliza-
tion, which influences the push—pull mechanism so to reduce
the CO, molecule completely.

Chen etal. reported an iron complex composed of
a pentadentate nitrogen ligand (Table 4, entry 4) that yields
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&>=o C\§>=O O@‘O covalently connect the catalyst to
‘FLR n.FeR . R \/H the electrode in the form of triazole
oc™ g h \ OC‘OCI “co =420 Ocn“fe\c/O\H functionalities. Although a decrease
OT)H 25 9i8 i oc 5 in Faradaic efficiency from > 95%
+200,  -H,0, f’coz, +CO e et to 75+20% occurs, an increase in
+H \ 1) +H catalyst stability of more than three
-co \ +C0, days compensates for the loss in
s O§§:;| ’ R selectivity.1%%!
Pathway 1 RF e/ _\Fe_ PR F| R wHE OQR}OH — F.urthe.r IR-SEC and hydricity
oc[* oc considerations for [H-Fe,N-
o oc (CO)p* in pathway B of
e Scheme 17 ruled out its involve-
H ment as the active species for CO,
insertion since the hydricity would
OZR%?_ favor proton rather than CO,
" reduction, which is a contradiction
oc‘c‘)“cfe\H to the catalytic results."**¢ In a fur-
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Scheme 15. Proposed mechanistic pathways for the electrocatalytic reduction of CO, using Fe—
cyclopentadiones by Oberem et al. (R=SiMe;) Adapted with permission from ref. [161b]. Copyright

2019 American Chemical Society.

formic acid in 80% FE. They concluded from DFT calcu-
lations that the formation of HCO,H occurred via the ET),,;
reaction route (Scheme 16).>”! The rationale is that the formal
Fe™ acts as a poor m-donor, resulting in a slow C-O cleavage
and more facile isomerization that eventually leads to
HCO,H formation.

The ETy mechanism has been demonstrated to be
operative for the generation of HCO,H at the Fe, clusters
reported by Berben and co-workers and the dophen/dopy-
based catalysts investigated by Pun et al. as well as Nichols
et al. With all three systems the formation of formate is
achieved with FEs above 70% (Table 4, entries 2a,b and
3).[177—182]

With the help of IR-SEC, *C-labeling, and XRD analysis,
as well as thermochemical determinations of acidity, hydricity,
and bond energies, the Berben group confirmed pathway A as
depicted in Scheme 17.

After a one-electron reduction, a bridging hydride
intermediate forms that acts as the reactive species for the
transformation of CO,. By alkynyl functionalization and
subsequent cycloaddition to the azide-terminated glassy

HCO,H Fe'l(L)
H+
CHOT 0s::0H |
Q -~ ? Fe'(L)
Fe'l(L) Fe'(L)
co,
0::--0
e, H* ¢ i
Fe'(L)

Scheme 16. Reaction mechanism of the reduction of CO, to HCO,H
for pentadentate iron complexes proposed by Chen et al. Adapted with
permission from ref. [59]. Copyright 2015 American Chemical Society.

ther study conducted by the same
group, the incorporation of pendant
proton donors (PPh,CH,CH,OH)
led to increased local proton con-
centration and a drastic shift to

HCO,"
Fel” £0s
//
\
Fel?
- gt
Pathway A e, H"  pathway B /] \H
/N\ N
Fee=Fe>rq F Fe
H COKJ F& \/
co,

Scheme 17. Reaction mechanisms for the reduction of CO, to HCO,~
by Fe, clusters proposed by Taheri et al. (CO ligands were omitted for
clarity). Adapted with permission from ref. [182d]. Copyright 2018
American Chemical Society.

hydrogen as the main product (97 % FE).!'8! Furthermore,
switching from nitrogen to carbon as the main p-element in
the structure induced a stronger hydride donation, also
favoring hydrogen evolution.['*!

Further mononuclear complexes to generate formic acid
involve ONNO ligand frameworks (Table 4, entries 2a,b).
While Nichols et al. conducted a series of experimental and
computational studies on their system, which strongly support
the formation of a Fe-H species and, therefore, the ETy
mechanism, 1% Pun et al. could not identify the crucial
hydride intermediate using IR-SEC.'"! However, they also
concluded the ETy route to be the most plausible pathway
because of the detectable hydrogen gas evolution that would
be impossible without the same M-H intermediate required
for CO, reduction to HCO,H. Furthermore, no HCO,™ was
obtained during control experiments with protonated amines.
A piece of additional indirect evidence is the absence of
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formic acid in the case of an alternative ET); pathway, hence
also suggesting the formation of an M-H species to be
responsible for the change in the product.

Interestingly, the ONNO-coordinated complexes inves-
tigated by Pun et al. (Table 4, entry 2a) were also capable of
producing oxalate to a limited extent of 13 % at —2.0 V vs. Fc/
Fc'. At this potential, the iron center exhibits a doubly
reduced oxidation state +1I, and the ligand system is
considered to be innocent as its reduction does not occur
before —2.4 V vs. Fc/Fc*.'77! The authors further propose the
ETy mechanism as the pathway for oxalate formation but
under dissociation of one-electron-reduced CO, and subse-
quent dimerization.

Another remarkable compound among the iron electro-
catalysts is the Fe—triphos entity reported by Bi et al.'® The
group obtained excellent Faradaic yields for HCO,H (97 %)
and even 69 % for methanol. However, these results require
the addition of HNEt,. On the one hand, it stabilizes the
generated formate anion, and on the other hand, it is a crucial
part of the carbamic acid intermediate of the MeOH
formation (Scheme 18).

Iron’s 4d congener, ruthenium, offers the most extensive
product portfolio in the electrochemical reduction of CO,.
Here once more, bipyridine-coordinated systems represent
the majority of the reported catalysts (Table 5, entries 1a—d).
While they are often compared to their Mn and Re analogues
and react according to the previously explained ET), route for
CO and ETy for formic acid, they are also likely to lose
ligands and agglomerate as polymeric structures that deposit
on the surface of the working electrode after reduction
(Scheme 19).01%)

As discussed before, ET), traverses a metal-bound
hydroxycarbonyl resulting from an 7'-CO, coordination
with subsequent protonation. In contrast, the ETy pathway
comprises the HCO,  intermediate as the result of CO,
insertion into the M—H bond. Machan et al. postulated for
a mesityl-modified Ru-bpy complex (Table 5, entry 1c) that
these are not two separate reaction pathways but can be
interrelated via isomerization of the intermediates. Indeed,
the formate adduct can isomerize to the hydroxycarbonyl,
which can then undergo proton-induced dehydration. This
ultimately results in CO evolution from a crossing between
the intermediates of the ETy and ETy, mechanism, as
depicted in Scheme 20.7!

Methanol Pathway
0]
ZHNETZ E +2€7,2H+ 9
COZ <_—> Et N/ \O@ —_— /C\
2 (€] - H,0, HNEt, Et,N H
H,NEt,
Formate Pathway
0
+2e,2 H*, HNEt
co, 2 H/C\Oee
H,NEt,

Scheme 18. Pathways for electrochemical reduction of CO, to formate and methanol catalyzed by Fe—

triphos as proposed by Bi et al.l'®®
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Scheme 19. Electrodeposited [Ru(bpy) (CO),], polymer film described
by Chardon-Noblat et al. Adapted with permission from ref. [190a].
Copyright 1997 American Chemical Society.

Chemical participation of the ligand framework in the
reduction process was reported by Ghosh et al. in the case of
Ru-tpy compounds bearing a second 2-(pyridin-2-yl)benzo-
[b][1,5]naphthyridine (pbn) building block. The dearomatiza-
tion of the pbn unit was observed and is believed to provide
the required H equivalents for the reduction of CO, to
HCO,” without the formation of a metal hydride
(Scheme 21).01°1

The authors were able to identify crucial mechanistic
intermediates by mass spectrometry. Furthermore, they
succeeded in isolating a relevant catalytic intermediate by
reducing the starting complex with cobaltocene. This species
comprising a carbonyl ligand bound between the pbn frag-
ment and the Ru center takes part in the reaction mechanism
as depicted in Scheme 22.

A ruthenium complex bearing a pyridyl-carbene ligand in
addition to tpy was studied by Gonell etal. (Table5,
entry 2a).'"”) According to the authors, the rate constant for
CO, reduction is slightly higher when the strong electron-
donating carbene is located in trans-position (C-trans) to the
substrate than when the pyridine nitrogen is in this position
(N-trans, k=2400s"" vs. 2100 s "). Further kinetic consider-
ations based on CV measurements confirmed that the N-trans
complex undergoes isomerization after the initial two-elec-
tron reduction and is not an active CO,-electroreduction
catalyst. From this point on, the generation of CO follows the
ET\ pathway (Scheme 23). Further insight on the details of
the mechanism can be found in the respective follow-up
report of the group.'” They provide an extensive kinetic

study with a focus on the trans
effect of carbonyl ligands on the
electronic structure of the metal

center.
» fAs Concerning  products  with
+4¢e,4H . .
—  » CHOH higher molecular complexity, the
"HNE complex  [Ru(bpy)(napy),(CO),]-
(PF),  (napy=1,8-naphtyridine;

Table 5, entry 1d) was reported by
Mizukawa et al. to produce acetone
selectively by electrocatalytic CO,
reduction.™ The authors based
their choice of ligand on the com-
parable mechanistic study with the
mono-napy species described by
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Scheme 20. Isomerization mechanism for CO production via crossing of the ET,-formed formate
intermediate to the hydroxycarbonyl intermediate of the ET,, pathway proposed by Machan et al.
Adapted with permission from ref. [67]. Copyright 2015 American Chemical Society.
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Nakajima et al.'*! After a first one-
electron reduction, the non-bonded
napy nitrogen nucleophilically
attacks the CO carbon
(Scheme 24). This was deduced
from a bathochromic shift of
418 cm ™! of the CO band using IR
spectroscopy. The involvement of
the second napy nitrogen sup-
presses the cleavage of the carbonyl
ligand and makes it available for
further reactions. It is proposed that
the conducting ion (CH;),N™ acts as
a methylation agent. The reaction is

+CO,

-HCO,

+H*

Scheme 21. Catalytic cycle for the electrochemical reduction of CO, by the Ru—pbn type complex proposed by Ghosh et al. Adapted with

permission from ref. [191]. Copyright 2017 American Chemical Society.

H*

-HCO,

Scheme 22. Catalytic cycle for the electrochemical reduction of CO, by the chemically reduced Ru—pbn type complexes proposed by Ghosh et al.

Adapted with permission from ref. [191]. Copyright 2017 American Chemical Society.
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Scheme 23. Overall mechanistic scheme for CO, reduction by Ru-tpy-pyridyl-carbene complexes as
proposed by Gonell et al. (L=MeCN). Adapted with permission from ref. [192]. Copyright 2019 American
Chemical Society.
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anism and proposed the deche-
lation of the ligand instead,
allowing a twofold ETy path-
way facilitating the association
of the activated CO, mole-
cules.

Compared to ruthenium,
only very few examples of
osmium catalysts are known
for CO, reduction (TableS5,
entries 7 and 8). These com-
plexes are composed of CO/
bpy ligand combinations and
exhibit Faradaic yields for CO
of up to 90 % .Y Similar to the
ruthenium complexes summar-
ized in Table 5, entry 1a, Cas-
tillo et al. reported the electro-
polymerization of the osmium
complex at the electrode sur-
face.”" Moreover, they pro-
posed that at low catalyst load-
ings, the predominance of
monomeric  Os' species s
responsible for CO generation,

2+
CO
H,0 /
N \_|2’r N \_|+ - (bpy)zRu\Co 2 Me,NH
| ’ | .
'}I/ N = '}l/ N " OH 2 Me;NH
.
(bPY);RUS (bpy)Ru. W, Zy 82 MeoNH,
“o o /
(bpy)zRu\C/,O Me,NH,*
] 2¢
OH
2C0, +4 € +2(CHy),N*  ———— (CH,),CO + CO5% +2 (CH3);N - ) '
i 5 (bpy)oRU -0
Scheme 24. One-electron reduction of [Ru(bpy),(napy) (CO)]*" and H R0 (|3
nucleophilic attack on the carbon atom.!"" : .
/CO e e
(bpy)2RUS O co
reported to take place at potentials of only —1.4 V vs. Ag/Ag* (l)‘-@
with yields of 70% FE, but a temperature of 100°C is HY 2
required.'™
For the generation of DMF from CO,, Ishida et al. used _CO 0 BHAE
the substrate dimethylamine and Na,COj in acetonitrile with s (bpy)zRu

[Ru(bpy),(CO),]*" as catalyst (Table 5, entry 1d). The for-
mation of a carbamoyl complex [Ru(bpy),(CO)(CONMe,)|*
by nucleophilic attack of Me,NH at a CO ligand in the
catalytic cycle (Scheme 25) was inferred from characteristic

Scheme 25. Mechanism for the electrocatalytic reduction of CO, to
formate or DMF with [Ru(bpy),(CO),J*" proposed by Ishida et al."

shifts of the CO bands in the IR spectrum and the proton
signals of the two methyl groups using low-temperature 'H
NMR spectroscopy. However, the complex could not be
isolated due to the reversible coordination reaction of the
dimethylamine, as proposed by the authors. When CPE at
—1.30 V vs. SCE was performed, a FE of 21 % for DMF was
obtained, while formate (76 % FE) was the main product.®!

The Tanaka group presented a dimeric ruthenium com-
plex capable of forming oxalate with a maximum Faradaic
yield of 70 % (Table 5, entry 5).”'°! Interestingly, based on the
IR-SEC results, the authors opposed the outer-sphere mech-

Angew. Chem. Int. Ed. 2021, 6o, 11628 —11686

while at higher concentrations the formation of dimeric
species results in HCO,™ production. The latter occurs in
particular after the introduction of electron-withdrawing
substituents into the ligand framework.

3.4. Group 9: Co, Rh, Ir
En route to the late transition metals, cobalt-based

catalysts mostly lead to the formation of carbon monoxide,
but frequently formic acid can also be observed as the product
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(Table 6). There are examples of the generation of both
products with Faradaic efficiencies close to 100% (Table 6,
entry 3c for CO, and entry 10a for HCO,H). Available
mechanistic studies are most consistent with a clear distinc-
tion, where CO evolution proceeds via ET); mechanism while
HCO,H formation occurs via the ET}; route.

The vast majority of the cobalt catalysts in the literature
are based on tetradentate nitrogen ligands and produce
almost exclusively CO during CO, electroreduction. Here,
predominantly macrocyclic ligands (porphyrins, phthalocya-
nines, corroles, cyclams, etc.) coordinate the cobalt cen-
ter."™l So far, cobalt porphyrins (CoP, Table 6, entry 3a)
were the objects of considerable interest in several mecha-
nistic DFT studies.”™! In particular, the Koper group inves-
tigated the pH-dependent mechanism of the formation of the
[Co-CO,H] adduct as a crucial intermediate in the ETy,
pathway towards CO.?*¥ They found that two subpathways
need to be distinguished: the concerted proton—electron
transfer (CPET), which is often associated with solid-state
metal catalysts and the sequential proton—electron transfer
(SPET) usually connected with molecular systems. Further-
more, the computational studies identified certain pH thresh-
olds for CoP at which a switch from CPET to a mixed CPET-
SPET regime is possible, even for homogeneous systems
(Figure 8).

The border between the two regimes for a possible [CoP-
CO,H] intermediate is located at pH ~ 3.5, corresponding to
the pK, of the hydroxycarbonyl species. At higher pH values,
the involvement of the neutral species is unlikely, and [CoP-
CO,H]™ becomes a conceivable intermediate. At pH values of
up to approximately 8.6, the formation of [CoP-CO,H]™ from
[CoP-CO,]” by CPET is favored. Above this, [CoP-CO,]*~
and a SPET reaction are believed to form [CoP-CO,H]".
Overall, this investigation emphasized the effect of the pH
value on the mechanistic pathways during electrocatalytic
CO, reduction.

Also, Yao etal. investigated a Co—porphine system
theoretically and suggested that the required proton for
[CoP-CO,H] formation does not originate from the solution
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when CO, is reduced, but that it is held by the pyrrole ligand
at pH values below 6.94.%%! This results in the reaction
sequence displayed in Scheme 26.

Co(I)P — [Co(I1)P-H]* — Co(l)P-H — [Co(0)P-H] — [Co(1)P-COH]" — Co(l)P-CO

Scheme 26. Reaction sequence for electrocatalytic CO, reduction to
CO with cobalt porphines proposed by Yao et al.?’!

In this way, the pyrrole-adsorbed proton acts in analogy to
the frequently used phenol proton donor groups (e.g.,
-C,H,OH). Hence, the local proton concentration near the
active center is increased, which enhances catalysis following
the ET,, route.

Another involvement of ligand-based protons in the
catalytic cycle can be observed for the azacalix|[4](2,6)-
pyridine ligand framework, allowing FEs of 98% for CO
production (Table 6, entry 6). The Marinescu group inves-
tigated this class of aminopyridine macrocycles and the effect
of the proton or the methyl group bound to the pendant
amines, respectively. On switching to the alkyl group, CV and
CPE experiments showed a dramatic decrease of Faradaic
efficiency (98—23 %), turnover number (1.22 x 10°—3.60 x
10%), and turnover frequency (170—0.5s™"), but a significant
increase of reduction potential to generate the active Co’
species (—2.36——2.58 vs. Fc/Fc").?*! They attribute this
behavior to H-bonds stabilizing the coordinated CO, mole-
cule during the ET\, pathway, as depicted in Scheme 27. Fujita
et al. further confirmed the presence of intermolecular H-
bonds by IR spectroscopy.*”!

Combined computational and experimental investigations
by Roy et al. focused on the reductive disproportionation of
CO, on a masked two-coordinate cobalt(I) complex without
the involvement of protons.”” The initially isolated and
characterized kNmn°-arene isomer (Table 6, entry 14) was
theoretically found to undergo isomerization during the
course of the reaction, leading to a k>’N,N'-bound Co center.
The authors were able to confirm the computational results
for this active ®*'LCoOCoL™" (L™®"=2,2,6,6-tetramethyl-3,5-
bis[(2,6-diisopropylphenyl)imino]hept-4-yl) species by inde-
pendent chemical synthesis and
analysis. The bridging oxygen
atom exhibits a sufficiently high
negative charge to act as a nucle-
ophile, which ultimately results in
the activation of CO, in the form
of a carbonate complex. How-
ever, the authors do not report
any catalytic data for the system,
indicating that no carbonate
release is taking place.

A phenomenon frequently
occurring for Co catalysts is the
deposition on the electrode sur-
face, either as an intended strat-

» egy or unwanted side reaction.

[}
1
]
*+CO, : *+CO,
1
1
I
*.CO, *.CO,H | *-Coy
I
I
I
*.CO +H,0 | *-C0O,> *.CO,H" — *-CO + OH"
[}
1
1
CRER SPET : CEER SPET
1
CPET-SPET : CPET-SPET
[}
. : '
pK,([CoP-CO,H]) pH pK,([CoP-CO,H])

Figure 8. Schematic depiction of the dominant mechanism for the formation of the carboxylate
intermediate depending on the pH as proposed by Géttle et al. (PT = proton transfer, ET=electron
transfer, CPET = concerted proton-electron transfer, SPET = sequential proton-electron transfer
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The quaterpyridine-coordinated
complexes investigated by the
Che group in the mid-1990s
(Table 6, entry 11a) were found
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Scheme 27. Mechanism for the H-bond stabilized reduction of CO, by
Co—aminopyridine macrocycles proposed by Chapovetsky et al. (coordi-
nated solvent molecules were omitted for clarity). Adapted with
permission from ref. [226]. Copyright 2016 American Chemical Society.

to electropolymerize onto the electrode surface in a compa-
rable manner to the aforementioned Ru-bpy complexes.?”’
The reported maximum FE of >90% for CO evolution can
be attributed, at least in part, to a polymeric species bound to
the electrode surface since transferring the electrode to
a catalyst-free solution still showed a Faradaic efficiency of
approximately 35 %.

Abe etal. modified a cobalt phthalocyanine complex
(CoPc) with butoxy groups and isolated the resulting
octabutoxyphthalocyanine compound (CoPc(BuO)g,
Table 6, entry 3c).! Initial CPE experiments showed that
the catalyst exhibited a twentyfold increase in TOF compared
to CoPc, which they attributed to the higher electron density
at the metal center due to the positive inductive effect of the
alkoxide chains. In situ potential-step chronoamperospectro-
scopy (PSCAS) helped to identify the ETy mechanism. A
poly(4-vinylpyridine) (PVP)-based membrane containing the
modified CoPc complex was prepared, but the expected
further increase in activity did not occur. After CPE for 1 h at
—1.30V vs. Ag/AgCl and pH 4.4, the immobilized complex
produced only 10% of the amount of CO produced by the
molecular catalyst. Concomitantly, H, evolution increased,
which eventually led to a ratio of CO/H, of approximately 0.5.

Boutin et al. used CoPc on MWCNTs (Table 6, entry 3c)
for the electrocatalytic formation of methanol from CO, in
a two-step process.”!! After the first two-electron reduction
of CO, to CO (FE=95%), further reduction to MeOH at
a pH value of 13 with the same catalyst was achieved with an
overall Faradaic efficiency of 19.5%. The authors reported
formaldehyde as a key intermediate in the transformation and
indicate that the Cannizzaro reaction might be the possible
origin of a small fraction of the produced methanol at the
applied pH values.

The recent reports concerning electrochemical CO,
reduction by CoPc and its derivatives immobilized on
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carbon nanotubes led Wu et al. to investigate the nature of
this group of catalysts in more detail. Under aqueous
conditions, electrochemical studies combined with rinse
tests and UV/Vis investigations of the electrolyte strongly
indicated the heterogeneous rather than homogeneous char-
acter of the involved catalytic species.® Further insights on
the mechanisms for CoPc in the electrochemical reduction of
CO, can be found elsewhere in the literature.?”

As another example for immobilized Co macrocycles in
electrochemical CO, reduction, the polyethylene glycol
derivatized Co—corrole (Figure 9; Table 6, entry 4) reported
by Gonglach et al. showed remarkable catalytic activity when
used on carbon paper electrodes.”!! More specifically, it
produces ethanol and methanol in a Faradaic efficiency of 47
and 59%, respectively, at —0.73 V vs. reverse hydrogen
electrode. Employment of GC-MS (in combination with *D-
and “C-labeling), NMR, EPR, IR-SEC, and complementary
control experiments resulted in the proposed mechanism(s)
presented in Figure 10.

Isotope labeling, in combination with GC-MS assisted
product analysis, confirmed water as the proton source and
CO, as the origin of the carbon atoms. EPR investigations
hinted at a Co™-CO,~ intermediate originating from the
reduction of CO, by a cobalt(I) species. Subsequent proton-
coupled electron transfers (PCETs) give a HCO,H inter-
mediate stable enough for NMR analysis. Subsequent one-
electron reduction and simultaneous dissociation of OH™
leads to an HCO" intermediate stabilized by a Co™ center,
which constitutes a mechanistic bifurcation. While one
further PCET allows formaldehyde generation, a second
one gives methanol as the main product. In the other
direction, dimerization yields oxaldehyde as a key intermedi-
ate that undergoes several PCETs to give ethanol as the
second most generated product. External addition of OHC-
CHO under the initial reaction conditions resulted in an
increased formation of EtOH and confirmation of its role as
a key intermediate.

In contrast to its 3d equivalent cobalt, rhodium shows
a highly preferred reactivity for the electrochemical gener-
ation of formate (Table 7). Bidentate phosphine (Table 7,
entry 1) and nitrogen-based ligands (Table 7, entries 2a,b and
5) constitute the most frequently used coordination environ-
ments. Faradaic yields in the range of 80 % are observed for
complexes coordinated by two tridentate nitrogen-containing

S-(PEG7)-OCH,

L=-PPh,
"Co-Corrole"

Figure 9. Co—corrole reported by Gonglach et al.®*¥
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Figure 10. Single-site mechanism of CO, reduction using Co—corrole proposed by Gonglach et al. Reprinted with permission from ref. [234].

Copyright 2019 Springer Nature.

ligands (Table 7, entries 3 and 4). Interestingly, the initial Rh™
species is activated by a single two-electron reduction in the
potential range of —0.42 V to 0.98 V vs. SCE under an inert
atmosphere, but a splitting of the reduction wave into two
one-electron steps was observed after the addition of CO,.
This behavior indicates an interaction of CO, with the metal
ion at a very early stage of the reaction pathway. The CO,
reduction by Rh'in the next step occurred (depending on the
exact ligand structure) at remarkably low potentials between
—1.28 Vand —1.44 V vs. SCE.**"!

When the Wagenknecht group investigated the Rh-
(diphos), catalyst and observed formate production, they
were able to isolate the hydride HRh(diphos),.”**! However,
although this species may constitute the reactive intermediate
of an ETy pathway, they claimed ET); to occur predom-
inantly. This assertion was supported by 1) control experi-
ments of the isolated Rh-H with CO, indicating a very slow
reaction and 2) decreasing current efficiencies during more
extended reaction periods, hinting towards the build-up of the
hydride as a dormant species. Interestingly, control experi-
ments in benzonitrile supported the claim of acetonitrile as
the proton source in this reaction, because formate produc-
tion decreased by 50 %. Moreover,
small amounts of cyanoacetate as
the reaction product between
NCCH, and CO, were detected
in GC-MS analysis. Summarizing
these findings, the authors pro-
posed the mechanism in
Scheme 28 with the predominant
formation of formate via the ET),

Rh(diphos),*+e® ————  Rh(diphos),°

cis-[Rh(bpy),(CF;SO;),]" exhibits the highest FE for
HCO,H of the Rh complexes studied so far, with 83%
(Table 7, entry2a).’®! Bolinger etal. proposed an ETy,
pathway in this case as well. According to their report, the
tetrabutylammonium salt undergoes Hofmann degradation
generating the required protons for the formation of HCO,H
and butene as well as tributylamine as coproducts. Further-
more, they conjecture that only M-CO, binding involving
extensive electron donation from the metal to CO, would
make the oxygen ends sufficiently basic to allow an attack on
the tetrabutylammonium salt.

In contrast, the reports of Caix etal. and Witt etal.
suggest a metal hydride intermediate to be responsible for the
generation of formate per the expected ETy route. Despite
the lack of spectroscopic or computational investigation
(which seems recurrent for reports on Rh-catalyzed CO,
reduction), they support their hypothesis with the concom-
itant evolution of H, as evidence for a Rh—H intermediate
crucial for both reactions.”””! Caix et al. summarized their
proposal in the catalytic cycle shown in Scheme 29.77%

Iridium shows similarities to rhodium with respect to the
product scope. A modified [Ir(tpy)(2-phenylpyridine)CI]*

co,
——=— Rh(diphos),(C0,)°

CH;CN CH;CN
l.e
05 2.0,
HRh(diphos), Rh(diphos)," (OCHO) ++CH,CN —— NCCH,CO,

pathway.

Scheme 28. Mechanisms for electrochemical CO, reduction by Rh(diphos), as proposed by Slater
et al. Adapted with permission from ref. [268]. Copyright 1984 American Chemical Society.
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Scheme 29. Rhodium-catalyzed production of formate via an ETy
mechanism proposed by Caix et al.?’*

complex (Table 8, entry 5) is capable of generating carbon
monoxide,”’” but the determined FE of 45 % is low compared
to values of 97 % for formate production when iridium PNP
pincer-type complexes (Table 8, entry 3) are used. This class
of catalysts strongly tends towards HCO,H production rather
than CO formation.”””! Coordination spheres containing
triphenylphosphine (Table 8, entry 1) or bpy moieties
(Table 8, entry 4) lead to lower values. From a mechanistic
standpoint, the ET} route is proposed unanimously in the
case of iridium, and DFT, as well as NMR studies, support
these claims. In several cases, isolated hydride species even
constitute the stable catalyst precursor for the electrochem-
ical CO, reduction. Furthermore, as reported by Kang et al. in
2012, they maintained their stability during the formation of
formate in the presence of water as the proton source
(Table 8, entry 2a).”’¥ In this case, the hydroxide anion forms
bicarbonate as a coproduct along with formate (Scheme 30).
The stability of hydride species of 4d and 5d transition metals
in an aqueous environment may be responsible in part for the
shift from mainly CO as a product in Groups 6, 7, and 8 of the
periodic table to formic acid in the later periods of Group 9.

The complex [(Ir-(-CsMes))s(W-S) " ([Ir;S,]*")
reported by Tanaka et al. (Table 8, entry 6) is capable of
forming oxalate, whereby the nature of the Ir cluster appears
to play a special role (Scheme 31). After a two-electron
reduction to [Ir;S,]’, a first equivalent of oxalate is generated.
The obtained molecular structure of intermediate
[Ir;S,CH,CN]" is then formed by the addition of linear
CH,CN™ at the exo-position of one Cp* ligand. This Cp*
derivative coordinates to one of the Ir atoms in an n*-fashion
to generate the active species, ultimately leading to oxalate
formation after twofold CO, association and electron uptake.
The IR spectroscopic analysis showed the reversibility of the
first CO, adduct formation. During CPE at —1.55V vs. Ag/
Ag", a Faradaic efficiency of 64% was determined.””
Extensive IR-SEC and isotope-labeling studies led to the
conclusion that instable {[Ir;S,CH,CN](CO,),]}~ represents
the active species of the catalytic cycle, indicating an ETy

Angew. Chem. Int. Ed. 2021, 6o, 11628 —11686

Overall: 2CO, + H,0+2e” — HCO, + HCOj3

Scheme 30. Mechanism for electrocatalytic CO, reduction by Ir—
POCOP pincer hydride complexes as proposed by Kang et al. Adapted
with permission from ref. [274]. Copyright 2012 American Chemical
Society.

[IryS,1%

-2e||+2e

[Ir3S,1°
|~ CHieN, 2 Co,

\ C2042—

[Ir;S,CH,CN]*

C,0,%

+ CO,
-CO,

{[IrsS,CH,CN](CO,),} {[Ir3S,CH,CN](CO,)}*
- e_ R
+e

CO, +e {[Ir;S,CH,CN](CO,)}°

Scheme 31. Mechanism of the electrocatalytic formation of oxalate by
[(Ir-(1>-CsMes)); (0>-S),]*". Adapted with permission from ref. [275].
Copyright 1998 American Chemical Society.

route. Presumingly, Ir-Ir bond cleavage is necessary to open
a coordination site and enable the electrophilic attack of the
second CO, molecule.

3.5. Group 10: Ni, Pd, Pt

One of the most renowned and effective catalytic systems
for electrocatalytic CO, reduction is the complex (1,4,8,11-
tetraazacyclotetradecane)nickel(II) ~ or  [Ni'(cyclam)]**
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(Table 9, entries 2a-h). In 1984, the Sauvage group reported
on [Ni(cyclam)]*" and found almost quantitative selectivity
towards CO at exceptionally low potentials of —1.00 V vs.
NHE in H,0.%! Since then, extensive studies on the reaction
mechanism, the role of the electrode, and possible deactiva-
tion pathways have been performed.

Kelly et al. employed pulse radiolysis (PR) to generate
the hypothetical active species [Ni(cyclam)]* and receive
insights into the reaction mechanism.”! When they added
CO,, the decay of the catalyst signal was measured to assess
the reactivity and catalytic activity towards carbon dioxide
conversion. Surprisingly, [Ni(cyclam)]* was not able to reduce
CO, on its own, but a second equivalent of the catalyst was
required to provide the necessary driving force for the
reduction. However, under these conditions, the authors
could not discriminate between the involvement of the second
catalyst as an outer-sphere electron donor or in the formation
of a CO,-bridged dimer. Nevertheless, the lack of reduction
strength contradicted the exceptional results found for the
cyclam-based catalyst species in electrocatalysis.

Most likely, the deciding difference was the missing
influence of the electrode surface material. During the initial
electrochemical investigations of the [Ni(cyclam)]*" complex,
the use of Hg-based electrodes was standard. Balazs et al.,
therefore, extensively investigated the interactions of the
complex with the electrode material with a variety of
electrochemical methods.”™! They concluded that the active
[Ni(cyclam)]" species corresponds to one specific, yet not
fully identified isomer of the ligand system, which is
generated upon adsorption on the mercury electrode surface.
In solution, however, the ligand framework can adopt various
conformations as displayed in Figure 11.

trans | trans Il
15% <1%

# , !
§N,\/N H kK /\/,N:\
2 ]
\/N> Q D

N \,N
/ / \
H H H
trans I trans IV
85% <1%
H
H“‘N\/\/,hi\
He N >
N\/-N\
H
trans V
<1%

Figure 11. Configurational isomers of square-planar [Ni(cyclam)]™ in
solution and percentages of each present at equilibrium. Adapted with
permission from ref. [286]. Copyright 1987 American Chemical Society.
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The studies emphasized the tremendous influence of the
electrode material because the reduced complex was gener-
ated at potentials almost 1.0 V more positive than the formal
potential of the [Ni(cyclam)]*** redox couple in solution. In
1998, Bujno et al. suggested as the major reason that the
mercury surface is negatively charged at the applied potential
of CO, reduction and, upon binding of the catalyst, acts as
a strong electron donor.”®” Furthermore, they argued that the
active species needs to undergo isomerization from trans 111
to trans 1 prior to CO, activation in accordance with
computational studies by Sakaki.l**!

Additionally, the authors ruled out the formation of a Ni—
H species by chronocoulometric measurements in the pH
range between 1 and 10. Changes in the slope of the resulting
plots—a characteristic feature when protons are involved—
were not observed. Summarizing their findings, they proposed
the reaction mechanism depicted in Scheme 32.

In a follow-up study, Balazs etal. investigated the
influence of CO on the catalytic behavior of [Ni-
(cyclam)]**.”*] They found an insoluble species precipitating
on the mercury electrode that significantly inhibited further
CO, reduction. Following their previous results and in
accordance with the findings of Bujno et al.,” they assigned
the precipitate to the neutral one-electron-reduction product
[Ni(cyclam)CO]°. This further supported their mechanistic
suggestions and attributed CO, reduction to CO via the ET),
route.

Wau et al. conducted a computational study to corroborate
the conformation of the catalyst species adsorbed on Hg with
the poisoning of the catalyst by CO.Y' According to their
results, the Hg surface favors the trans 111 conformer over
trans 1, which results in increased activity. Flattening of the
ligand system on the electrode surface (by dispersive inter-
actions) weakens the Ni-CO o-interactions and, hence,
facilitates CO desorption, ultimately leading to less catalyst
deactivation.

In an attempt to avoid Hg electrodes and make [Ni-
(cyclam)]** a “real” homogeneous catalyst, Kubiak’s group
added a second complex, [Ni(1,4,8,11-tetramethyl-1,4,8,11-
tetraazacyclotetradecane)]*" ([Ni(TMC)J*"), as a CO scav-
enger. [Ni(TMC)]*" exhibits a strong binding constant for CO

no reaction co

TCOZ +2 e"

INi(cyclam)]* ) [0,C-Nifcyclam™*)]* yqq)

. +e : -e ;
[Ni(cyclam)]®* g, —“7@ [Ni(cyclam*)]* .45 —><_+ = [Ni(cyclam*)]%* o)
- e
stable slow fast more reactive,

metastable

T spontaneous |

Scheme 32. Reductive adsorption of [Ni(cyclam)]*, oxidative desorp-
tion, and possible connection with the catalytic reduction of CO, at
mercury electrodes in solutions of [Ni(cyclam)]” proposed by Balazs
et al.”®! (cyclam* =form of the coordinated ligand that produces the
more easily reduced [Ni(cyclam*)]**).
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of 1.2 4 0.4 x 10°,® but was previously found to be inactive in
CO, reduction and does not show waves in the CV that could
interfere with [Ni(cyclam)]*". The authors observed a tenfold
increase in current when the CO scavenger was added and
were also able to track the CO capture reaction using IR-
SEC. Moreover, they pointed out that the addition of
[Ni(TMC)]** also prevents the formation of gaseous and
toxic Ni(CO), which may occur by decomposition of Ni-
cyclam species when excess CO is present at the electrode
surface. In addition to improving activity, [Ni(TMC)]** thus
also alleviates a severe safety hazard during the experiment.

Apart from the predominantly investigated CO product,
the Sauvage group also reported HCO,H production with
[Ni(cyclam)]*" but, surprisingly, at less negative potentials
(—1.4V vs. SCE for max. HCO,™ FE compared to —1.6 V vs.
SCE for max. CO FE).P* They suggest the catalytic cycle in
Scheme 33, proposing a side-on Ni—-CO, complex as the key
intermediate. Depending on the applied potential, the C-
bound route towards CO and H,O or the O-coordinated
intermediate for HCO, formation are pursued. Computa-
tional studies by Song et al. are in line with these proposi-

[Nill]2+
H* e
INi"-CO,H]* NI INi"-0CHO)*
lco2
"
_0
e, H* Ni”"?/ e, H
~o
— [Ni"-co,l* [Ni"-oco]t —-

Scheme 33. Mechanistic cycles for CO, reduction by [Ni(cyclam)]*" as
proposed by Collin et al. Adapted with permission from ref. [S4a].
Copyright 1988 American Chemical Society.

tions; they found that the n'-CO, adduct is
14 kcal mol ! lower in energy than the n'-OCO
species, explaining the favored formation of
CO with [Ni(cyclam)]**.?

The Jiager and Zhang groups observed
oxalate formation with double-bond- and/or
oxygen-containing [Ni(cyclam)]*" derivatives
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way. Interestingly, they observed that the most active and
stable ligands contain a carbonyl or ester group in the R?
position. On the one hand, the functionalities could promote
electron transfer between catalyst and carbon dioxide. On the
other hand, molecular orbital characterizations determined
a significant negative charge at the R* carbon atom of
unsubstituted catalysts. Protection of these nucleophilic
carbon atoms prevents the attack of electrophiles and, thus,
increases the stability of the system. The experimental
findings based on IR and UV/Vis spectroscopy in the Zhang
group supported this mechanistic hypothesis. In the proposed
reaction scheme, they showed dimerization of the carbon
dioxide radical anions while still attached to the Ni catalyst.
The oxalate subsequently precipitated from the solution by
reaction with the Bu,N* conducting salt (Scheme 34).

Other reported Ni catalysts in Table 9 mainly exhibited
good performance in CO production. A notable exception is
the Ni-salen complex of Bose et al. modified with an NH,
group that yielded ethanol with ca. 35% FE and methanol as
well as acetaldehyde with 16 and 7% FE, respectively, when
immobilized on a graphite electrode.”! The authors postu-
late a Ni' species responsible for the activation of CO,, but
further mechanistic evaluation is currently not available.

Palladium complexes used for electrocatalytic CO, reduc-
tion mostly comprise ternary phosphine ligands (Table 10,
entries la—e), CNC pincer-type structures (Table 10, entry 2),
and in few cases purely nitrogen-based ligands (Table 10,
entries 3, 4a, and 4b). The main products in the electrolysis
are CO and H, with efficiencies <95%. Formate was
reported only with rather low current yields of a maximum
of 45% (Table 10, entry 4a).

DuBois et al. investigated the mechanism for the Pd-
catalyzed CO, reduction to CO, which is now widely accepted
in the pertinent literature.”) Among other techniques, they
performed cyclic voltammetry measurements at various pH
values to assess the kinetic parameters of the reaction cycle
(Scheme 35). In conclusion, the ETy pathway was confirmed
with Pd' constituting the active species for CO, activation.

0 i
| 2e
\

(Table 9, entries2e and 2f).5>¥ In their (BusN):C;04

study, Jager and co-workers investigated the Ni' to CO, charge
mechanism for the formation of C,0,* in transfer
98 % FE by CV-based kinetic analysis experi- 2 Bu,N*

ments. Starting from the assumption that the

mechanism traverses a radical anion, the I AN Z I 2 W_l \M
crucial question to answer was whether the N -fQ‘Q\ 9% -’|N dierisation N'\ 040 o, J\l
conversion occurs by outer-sphere electron [N, I\B é‘C-C“(‘) ‘SyN'\Nj [ /Nil‘;“g //Oém\./-Ni\' ]
transfer or via an inner-sphere metal-bound | [ N O 0 %/NK
CO, intermediate. According to their results, )\/\ )\)\ AN N

the inner-sphere ET,; mechanism traversing
a Ni-CO, " intermediate is the favored path-

[54b]

group.
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Scheme 34. Electrocatalytic cycle for oxalate formation as proposed by the Zhang
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Scheme 35. Catalytic cycle for CO, electroreduction to CO using Pd
catalyst systems as proposed by DuBois et al. (L= bis[(dicyclohexyl-
phosphino)ethyl]phenylphosphine). Adapted with permission from
ref. [316]. Copyright 1991 American Chemical Society.

A frequent side reaction resulting in
catalyst deactivation is the dimerization
of the Pd' species after the first one-
electron reduction. The stable dimer in
Figure 12 could be isolated and ana-
lyzed by NMR spectroscopy and X-ray
diffraction studies.

Recently, DeLuca etal. investi-
gated a tridentate N-heterocyclic car-
bene containing ligand framework and
focused on the effect of pendant phosphonium chains on the
catalytic activity for the reduction of CO, to CO (Table 10,
entry 2).P'"! Although the maximum FE obtained for CO was
only 49 % when a tetraphenylphosphonium ion was incorpo-
rated into the ligand backbone, the authors identified
a stabilization of the carboxyl group by the cation. Moreover,
they proposed a stronger stabilization caused by the steric
effect, since shielding of the reaction center blocks interfering
solvent or electrolyte molecules. The higher hydrophobicity
also holds off protons and, hence, prevents hydrogen evolu-
tion as a prominent side reaction.

Ceballos et al. presented an example of the homogeneous
platinum-catalyzed electroreduction of CO,.”"™ The diphos-
phine-coordinated catalyst yielded formate exclusively in
90% Faradaic efficiency, most likely via the ETy pathway.
The authors based this proposal on hydricity studies, accord-
ing to which the employed catalyst performs in the sweet spot
between too low hydricity for CO, reduction and too high
hydricity leading to H, side production.

7N 2+
R,PT PR 1
R‘ZP—P(;i—Pd—PR'Z

|
PR PR,

Figure 12. Observed
Pd dimer as a deacti-
vation product in the
study of DuBois et al.
(R="Ph, R =Et/
Ph).[S]G]

3.6. Groups 11 and 12: Cu, Zn

Apart from coordination compounds of transition metals
from Groups 6 to 10, only very few further examples can be
found in the literature. To the best of our knowledge, copper
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and zinc are the only metals for which molecular structures
coordinated by CO, have been reported and which are
catalytically active in CO, reduction. Unfortunately, the
reported product compositions were quantified only for
a small number of complexes. One such example is the
copper dimer described by Angamuthu etal. (Table 11,
entry 3).°® The dicationic copper dimer [Cu]** forms an
oxalate-bridged tetramer [Cu]*" after the reduction of four
CO, molecules (Scheme 36), which could be confirmed by X-
ray diffraction analysis and mass spectrometric methods. The
measured cyclic voltammograms display an irreversible
reduction peak at —0.03 V vs. NHE. CPE analysis revealed
the reduction of the tetramer to the dimer at this potential
with the liberation of the oxalate precipitating as a lithium salt
(LiClO, is used as the conductive salt). The authors reported
a current efficiency of 96%, but unfortunately, only six
turnovers were obtained after seven hours.

14 T2+
N 7 N
/ R N/\(—\]/\N ,N\\ de I’S ‘Cu' —
2 SEINLIST A e 2 VSN AP
770N e o e
NCMe” WY (SN Mecn U
Z
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21i,C,0,
4co,
4 Li* + 4 MeCN
T2+
N——CJ@ C,\Cc@ e \N N/
\_/ I\
\ CO -

co2 co2 —|2+
N~ u nN
u

[Cu]‘*

Scheme 36. Electrocatalytic cycle for oxalate formation by a copper
dimer as proposed by Angamuthu et al.¥

The Group 12 transition metals provide even fewer
examples of electrocatalysts for CO, reduction, which exclu-
sively rely on zinc metal centers. In 2016, Donnovan et al.
subjected a bis-pyridine complex with pendant PPh, groups to
CV analysis under a CO, atmosphere and observed an
increasing current at —1.66V vs. Fc/Fc" (Table 11,
entry 8).*" Quantitative data on the catalytic efficiency
were not reported, however. The possibility of involvement
of the phosphine substituents in the CO, activation was
discussed as presented in Scheme 37; however, high-pressure
3P NMR spectroscopy under CO, atmosphere did not show
a shift attributable to a P-CO, interaction.
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Scheme 37. Assistance of pendant PPh, groups in CO, activation by Zn
bis-pyridine complexes as proposed by Donovan et al.**"

4. Perspective: Using Organometallic Electroca-
talysis to Achieve Molecular Diversity

With the rapidly growing number of transition metal
complex catalysts that are in principle able to mediate the
electron transfer to CO,, it would seem conceivable to
explore this strategy also for the formation of more sophis-
ticated and higher value products beyond CO and formate.
While a broad range of synthetic methodologies combining
CO,/H, as synthons with other substrates to generate various
functional groups have been established recently,?*<3%l
corresponding efforts in electrocatalysis have been addressed
in only a piecemeal way. This may be partly due to
a conceptual focus on storage systems for fluctuating energy
supply. However, the urgent need for production methods to
establish sustainable value-added chains for existing and
future products in chemistry creates a strong application-
oriented pull for basic catalysis research."”’ Expanding the
potential of electrocatalytic CO, reduction towards the
molecular diversity of the products seems to hold great
promise in this context. The present review may help to
catalyze this development by further converging the fields of
electrocatalysis and organometallic (homogeneous) catalysis
based on a common understanding of the molecular mech-
anisms involved.

One obvious way for the expansion of the product variety
follows the C, pathway of Figure 3, leading to the higher
reduced molecules formaldehyde, methanol, and methane.
Repeated hydride transfer to the C=O units of the inter-
mediates provides a potential mechanistic scenario for con-
trolling the individual products along the reduction sequence
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in line with corresponding hydrogenation catalysts.”*! Con-
sequently, the ETy mechanism appears as a preferred molec-
ular path for the electrocatalytic synthesis of formaldehyde or
methanol. While an a priori prediction of whether a given
catalyst would follow the ET\; or ETy pathway is currently
not possible, certain trends can be deduced from the analysis
of the formation of CO or HCO,H as a product. As a visual
representation, the plots in Figure 13 provide an overview of
the trends in product distribution for carbon monoxide and
formate formation according to the position of the metal
center of the involved molecular electrocatalyst in the
periodic table of elements. Catalysts generating the two
products are taken into account in both figures.

The plots show the favored production of CO, especially
in Groups 7, 8, and 10 of the periodic table, mainly comprising
the Mn-, Re-, and Ru-bpy as well as Fe-TPP and Ni-cyclam
architectures. The currently available mechanistic informa-
tion indicates a prevalence of the ETy pathway for this group
of catalysts. Concomitant with the lower number of examples
for CO in Groups 8 and 9, an increasing number of reports for
HCO, /HCO,H are found. It is noteworthy that the metals
constituting well-performing electrocatalysts in these groups
(Ru, Rh, Ir) are also known to form highly efficient CO,
hydrogenation catalysts. Therefore, it is reasonable to con-
clude that the reactive hydride intermediates in both areas of
CO, reduction exhibit a favorable hydricity for formic acid or
formate formation, pointing towards ET}; as the main path-
way. The hydricity, as previously reported for various catalytic
systems in electro- or thermocatalytic CO, reduction,?'s
appears as a crucial factor in determining which of the
reaction routes is pursued. Figure 13 indicates that hydricity
not only decides whether HCO,H formation is favored over
proton reduction or vice versa; it is even capable of shutting
down the ETy, mechanism in favor of the ETy route.
Modulating the hydricity further by adjusting the electronic
and geometric parameters of the ligand framework may thus
be envisaged as a promising approach to develop electro-
catalytic systems for formaldehyde or methanol production.

In order to map out the wide space below the C,; line
shown in Figure 3, the reduction steps have to be combined
with elementary steps leading to the bond formation with
additional substrates. The ETy; and ETy concept introduced
in this review can be developed further and generalized into
two basic mechanistic scenarios for electrocatalysis towards
higher molecular complexity (Scheme 38):

1. Activation of CO, and subsequent reaction with a (nucle-
ophilic or electrophilic) substrate molecule (ET)y)

2. Activation of a substrate molecule and subsequent attack
of CO, (ETy, ETs)

The first possibility involves the activation of CO, through
coordination and electron transfer and hence belongs to the
general category of the ETy; mechanism, following the upper
trajectory in Scheme 38. The formation of C, products (e.g.,
oxalate, ethanol, and ethylene) by reaction with a second
activated or non-activated CO, molecule (Sub=CQO,) falls
under this approach. It is, however, currently described only
for a very small fraction of catalysts presented in Section 3,
which are, in most cases, immobilized on the electrode
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Figure 13. Indication of product formation by the number of literature reports for different transition metals. Top: Carbon monoxide; bottom:

formic acid.

surface. Single examples involving heteroatom-containing
substrates such as the conducting salts are also found in
Section 3. Transferring these insights from isolated observa-
tions to design might hold valuable opportunities for electro-
catalytic synthesis.

Alternatively, the coordination and electron transfer to
a substrate molecule may activate it for subsequent attack by
CO,, as shown in the lower pathway of Scheme 38. In its
simplest form, this is represented in the ETy mechanism,
where Sub=H". Rather than reacting with CO,, the metal
hydride complex could react with another unsaturated
molecule, such as an olefin, forming a reactive intermediate

ready for CO, insertion. Direct activation of substrates by the
reduced metal complex is, of course, also conceivable. We
propose to categorize both pathways that form such highly
reactive substrate complexes as “electron transfer through
substrate” (ETs) to distinguish them from direct hydride
transfer.

A possible approach to pursuing these mechanisms is the
electrocarboxylation reaction. Here, carbon dioxide is used to
yield mono- or dicarboxylic acids from substrates such as
olefins, alkyl/aryl halides, and ketones. Unfortunately, some
severe drawbacks affect these reactions. Usually, the substrate
molecule is reduced, yielding the radical anion as a nucleo-
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ET\ carbon dioxide building block
° during the reaction. We believe
0 L - Sub, H', & that pursuing the scientific goals
— L’M‘L\J\ = Gl arising from an increasingly unified
L ~]n /k/ S C . .
i co, T mechanistic and conceptu_al think-
o LA o L ing between the two disciplines
T L’M\L/\[\ ] constitutes a major challenge and
Pl opportunity for the transition from
' fossil to renewable resources, hold-
Sub . . .
sube | ing potential for technologies to
,_—‘Mf CO, H*, & deliver economic, ecologic, and
Inert — LT Products . . .
SlEEEBlE e A social benefits to humankind.
' We hope that this article will
ETy, ETg prove useful for (molecular) elec-
Scheme 38. Possible pathways for electrochemically driven transition metal catalyzed coupling of trochemists who are already work-
substrates (Sub) with CO, to generate products of higher molecular complexity. ing in the area of carbon dioxide
reduction and for those who enter
into this exciting area. The struc-
phile, which can then attack the carbon dioxide.?*I However,  tured compilation of data, its analytical discussion, and the
often the required potentials are more negative than those for =~ proposed mechanistic concept were devised with the aim to
the reduction of CO, to CO,", leading to subsequent dimer  provide the reader with motivation for future developments
formation.*? In the case of alkyl halides, additional esterifi- by combining both fundamental organometallic chemistry
cation reactions between the carboxylate intermediate and  and electrochemistry. Finally, it would be most rewarding for
residual halide substrate occur.’*! Moreover, if proton us if the readers enjoy reading the review as much as we
sources like water are present in the reaction environment, enjoyed conceiving it.
the production of formate is dom-
inant. This means that for isolation
of the carboxylates, other cation A: Phenyl halides (PhX) B: Aromatic alkynes
sources had to be found, which
were often introduced by sacrificial
anodes, leading to loss of mate- PhCOy o FnX
rial.?*! While the reaction can be & I ppel @—: + CO,
performed purely electrochemi-
cally, iron,”¥  cobalt,**! nick- Ph—C—O—Ni(dppe) (dppe)Ni'X
el,P#431 palladium,*” and sama- I llﬁh ]
riumP* catalysts are known to )
.. : [Ni]
enhance the selectivity (apart from € o
dimerization of the aliphatic or
aromatic residues from their Ph-Ni" (dppe) -
respective halides). For example, \ (Ph-Ni'(dppe)]
the generation of carboxylic acids 040 o o
can be achieved by insertion of CO, ~x-Con
into the metal-substrate bond ©/\/
according to the ETg mechanism, Cco,
as depicted in Scheme 39 in the case
of the carboxylation of aryl halides Amatore et al., J. Am. Chem. Soc. 1991, 113, 2819. Ghobadi et al., C. R. Chim. 2018, 21, 14.
catalyzed by [Ni(dppe)].?*
Scheme 39 also shows examples
of electrocatalytic carboxylation C: Aliphatic alkenes
reactions with aromatic alkynes?*
and aliphatic dienes®*** to high- ol o 0 0
light the already accessible sub- \/K + 2CO, _[Fele O‘C/\)\/C‘o_ G o\c/\)\/c\o-
strate scope. o) o)
Based on these precedents, we
propose that molecular complexity
can be achieved by combining the Ballivet-Tkatchenko et al., Appl. Organomet. Chem. 2000, 14, 847.
elemental steps of homogeneous
catalysis with the electrocatalyti-  scheme 39. A) Selected examples for the transition metal catalyzed electrocarboxylation of phenyl
cally driven reduction of the halides** B) aromatic alkynes,?**¥ and C) aliphatic alkenes.?*.
Angew. Chem. Int. Ed. 2021, 6o, 11628 —-11686  © 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH www.angewandte.org 11655


http://www.angewandte.org

GvDCh Reviews Angydie .

Internati

Appendix: Tables 1-11

Table 1: Catalytic systems, major products, maximum FEs, and mechanisms of Group 6 transition metal complexes in electrochemical CO, reduction
(n.a.=not available, prop.= proposal, comp.=computational investigation, exp. = experimental evidence).

Entry Cat. system Substitution Major prod- Max. FE ~ Mechanism Basis Method Ref.
uct (%)
1a [Cr( CO bpy - CO/H,0 n.a. ETy exp. IR-, UV/Vis-SEC 1"
1b {;—»% - CO/H,0 96+8 ETy prop. n.a. 4
0H2
2a [Mo(CO)4(L),] L=CO Co/Ccoz 95 No H': exp IR, UV/Vis-SEC, 7"
LNL=4,4-di-R-bpy CO/H,0 n.a. ETy (CO) VSFG 72d
R=H, Me, ‘Bu HCO,” n.a. H':
ET, (HCO,)
B
L=
oc, N ; exp.  IR-SEC, NMR, XRD
) | _ (i ’ ’ [75]
2b OC—'Mo—N\ R=Ph, 2,6-(Pr),CsH; n.a. n.a. ETy comp. DFT
|
COCO R
< NNN =di-R-bpy, bis(2,6-
N/, [ oCO dimethyl CO/H,0 ETu (CO)  yp IR-SEC -
3 ( Mo' phenyl)acenaphthene- HCO.- n.a. ET, comp, 72 DET '
N7 | Yco quinonediimine 2 (HCO, )™ P-
NCS R=H, Me
4 [W(CO)4(L),] L=CO CO/COZ n.a. ETy exp. IR-, UV/Vis-SEC 7"
LNL=2,2"-dipyridylamine, CO/H,0 109470 comp. DFT 76.77]
4,4'-di-R-bpy,

4,6-diphenyl-2,2"-bpy,
6-(2,6-dimethoxyphenyl)-
4-phenyl-2,2"-bpy
R=H, ‘Bu
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Table 2: Catalytic systems, major products, maximum FEs, and mechanisms of Mn complexes in electrochemical CO, reduction (n.a.=not available,
prop. = proposal, comp.=computational investigation, exp.=experimental evidence).

Entry Cat. system Substitution Major product Max. FE ~ Mechanism Basis Method Ref.
(%)
n+
=Y, M= IR-SEC,
\ N/X>_<\N / n=0,1 VSFG 86
Ta Z, | X=CN, CO, MeCN CO/H,0 98] ETy xp- UVViS, o
com I
Mng Y=CH, N P XRDP
OoC | CcO DETIE51
Cco
R Rn+
— — n=0,1
X7 R=H, Me, Et, ‘Bu, Ph, Bn, - EPR®, IR oy
b N,,,’ CN, CO,H, CO,C,HC,H;N, CO(_'HZO 1oo4j5E[912]5 ETy Czﬁ" SECEY 52-04)
Mt CF,, NMe,, OH, OMe, SMe 2 P- DFT®
oc” | Yco X=MeCN, Br
C
R'=H, OMe, Br exp. IR, NMR 95)
le R?=C,H,OH n-a n-a ETw comp. DFT
CO/H,0 3444 4 .
1d - HCO,H 8+2 F:?;: o EETT“ op. ;JEVC/V'S' s
H, 59438 car mIM
[94a,97,
Te R=C¢H,NH,, SMe CO/H,0 ]ng ETy prop.*’ n.a. -
R'=H, Ph no H*: ET NMR, IR-
) co 901%! M exp [622:99.101] ) (62a,
1f R?=H, CH,NEt,, OH, OMe HeOH c2000 HE BT 0 o SEC 99.102]
R'=H, OH, F 2 ETy, P- DFT
n=0,1 IR-SEC, 54
R'=H, Me, Et, CH,NHEt, o (PR-)
RE =X : CH,NEt,, CH,-morpholine, ~CO/CO,2 164191 9g4 3064 - comp ﬁgmm] TRIROO  [6481,
g NN CH,OH, CHO, CO,H, NH,,  CO/H,0"" na. e exp 1 DFT 100,105,
AA gcMM~co AAg OH,OMe, F HCO,H g0f1o0 H P~ o IRSEC, 104
. co R R2=H, Me, CH,NEt, OH comp- NMR
X=MeCN, OTf, Br DFT
1_
Th RRZ ;\;'é '\,/'Beu CO/H,0 78 ETy comp. DFT nos]
Ti - CO/H,0 98 ETy comp. DFT el
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Table 2: (Continued)
Entry Cat. system Substitution Major product Max. FE ~ Mechanism Basis Method Ref.
(%)
m +
~N 7 7
N N N 2— 83a
2a 10C| - co/co, 96 n.a n.a. n.a e
Ph,P—Nin—PPh,
»
CO
Cco
| AN
Z “
N N . 96
2b Br’:, | - CO/l_C|O3 (CO+ n.a n.a. n.a 13a]
OC—Nin\—Pth 2 H,)
co co
FaaN R1
)\l
L )50 R'=Me, Et
N ,IK‘/!““\ R2=H, C,H,OH CO/H,0 730106 106,108 [106-108,
n ' :
’ Y/QN/ | o X=CN, SCN, Br, | H, 530107 ETw comp. DFT 109]
bk X Y=CH, N
RZ
= Cco
~ N,,NII wCO
n 1 .
1 Ny R'=H, Me IR-, UV/Vis-
4 B R2 N ||3r e R2=H, 'Pr, ‘Bu CO/COz 60 ET,, Xp- SEC f83b)
@,ﬁ R*=H, Pr comp- DFT
\‘/ Br
=N/, | €O R-, UV/Vi
5 E\N(Nlln\ - CO/H,0 n.a. ETy exp -vSEé o
CcoO
_J_co
\ 5 (2,6-(2,6-(iPr)2C6H3)2C6H3) 2- )
6 Ar_D/ln_Ar n=0,1 CO/CO;, n.a. ETy exp. IR-SEC
ocC tO X=THF, Cl, Br, |
7 - CO/H,0 129 n.a n.a. n.a (2]
7 N\
NS — n=0,1 EPR, IR-
N ) ) ) M3
8a ,Mh\N X—MeCN, Br CO/H,0 100 ETy exp. UV/Vis-SEC
oc” | Yo
co
0 \_|n+
\ 4 _ n=0,1 o1 NMR, IR- [91,94c,
CO/H,0 62 ETy (CO) exp. 0
8b N, | N R=H, Me, CgH,CH,NEt 2 i SEC™
R . R ) » LML, 2 [100] [91,100] 100]
oc'Nin‘co X MeCN. Br HCO,H 70 ET, (HCO,H)  comp. DET
Cco
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Table 2: (Continued)
Entry Cat. system Substitution Major product Max. FE ~ Mechanism Basis Method Ref.
(%)
co
@N’R co 4
IR-," 4 UV
9 <N—\Mn"“\\ R=Me, Mes Co/cos™ 95[[110:1] ETy eXp'ﬂr;],,] Vis-SEC/ nosb, 114
m | co CO/H,0 98 comp. DFT
Br
i \N To o EPR-, IR-
=N/, | ~
10 Mn_ - CO/H,0 38 ETw exp- SEC, PR g
0 | cO comp. TRIR
MeCN DFT
ot
(/\N N/ N/\x . 93118l
CO _ CO/COS [116,118] [116-118]
11 RN—‘\/IVlr/\/L\NR R=Me, Bn CO/H,0 2;[7”?] ETy comp. DFT
oC (I:O
R
EAS," GC-
MS, IL, IR-,
12 R=C¢F,-S-(PEG7)-OMe CCHHEC%H, 2; ET,, C‘;ﬁ" UV Vis- M
R R = P~ SEC, NMR
DFT
N\
NN
7 N /N -
13 N Mn N - HCO, 26 n.a n.a. n.a (1201
N/ \N H, 77
A =
N

[a] Likely caused by loss of carbonyl ligand. [b] Electronic absorption spectroscopy.
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Table 3: Catalytic systems, major products, maximum FEs, and mechanisms of Re complexes in electrochemical CO, reduction (n.a. =not available,
prop. = proposal, comp.=computational investigation, exp.=experimental evidence).

Entry Cat. system Substitution Major product ~ Max. FE (%)  Mechanism Basis Method Ref.
=0, 1 EPR,
co n+ n=y, 2- [123] )
~ [ X=H, MeCN, CO, HCO,, €0/c0; % 26,124 IR- 26,60a,63
=N/, | wCO CO/H,0 ca. 100126124 . e
la \N' e\ HCO;, HCO,~ n.a.012sl ETw comp.[soa’“'ml SEC™ 122-131]
i N7 ] TCo CH,C(0), OMe, THF, OTf, H 2 Jah2l Raman!"
X PPh,, P(OEt),, Cl, Br 2 DFT
R=vinyl, ethynyl, C;H,NH,,
norbornenyl derivatives,
R _ co CH,NHCOCH,;/peptide
= N, | .CO resins, 4-piperidinyl-1,8- (042,98,
1b "'Re'- naphthalimide, NHCSNH- CO/H,0 10018 ETy exp.'*? IR-SEC 132133
PR S p p 133)
i N | “CO  (H,CF;, SMe, thiophene,
cl 2,2":5',2"-terthiophene, 3'-
ethynyl 2,2":5',2"-terthio-
phene
n=0,1
R R=Me, ‘Bu, bisphenyl-
e co _|n+ » 'Bu, bispheny
S\'N, I .CO ethynyl, CH,NHCOCH,, 1CO, 15 1005 EPR, 13 -
‘et tyrosyl derivative, CH,NEt,, } 135 exp. IR-SECB 10135
Tc e CO/H,0 710 ET 133
SN | NCo CH,0OH, CN, CO,H, CF;, Hco ZH 120361 M comp.® Raman™ ., .
< NH,, NHMe, NMe,, OH, 2 DFT
R OMe, Si(Ph),
X=H,0, Cl
?O
\\CO 1_ 2— 138]
1d ‘\ 5 R'=H, GH; CO/CO;, 92&9‘”]] n.a. n.a. n.a. [94f,137g,138)
| NMCO R‘=Me, NHMe, NMe,, CF;  CO/H,0 73
Cl
= co _|+
N, | .co
‘Re’ _ 2 39
Te SN N, X=0,S CO/CO; 90 n.a. n.a. n.a.
| N CNCgH,CI
X" NCcH,CI
= !
OO0
O%C—\émé/—cgo exp IR, UV/
1f &Nj % - CO/H,0 89 ETy, com§ Vis-SEC (1401
NA AN ’ DFT
| [
NR
O/\/ 2 IR,
N 1 .wCo co 950141 ETw (CO) exp. NMRPY g
Tg Re'§ R=GC,H,OH na ETq na] '
T=N" | ~co HCO,H 27 HCO.H comp. UHPLC
= co ( 2 ) DFT[95]
RL - | R%Cl
X N/,,’ “‘\\CO R1:th CeH,OH
Th /‘Re‘\ R2=Ph, phenyl-2,6- CO/COs* 100 ETw prop. n.a. P4 142]
SN | CcO diol, phenyl-3,4,5-triol
Z co
Cl
=
S N/,,,' | CO
v REN,
i N | ~co R=H, Me co 73 ETy prop. n.a. 043
co
R—N
w/
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Table 3: (Continued)
Entry Cat. system Substitution Major product ~ Max. FE (%)  Mechanism Basis Method Ref.
— CO 1: i . R
S T 33
Q y [144] [145] [133a,144,145]
2a Rl | \N/RIE\CO R~ H, NH, CO/H,0 96 ETy comp. DFT
= R'MR*=nanographene
= R CI R=H, Me, Mes, 4-
s Ni,, | WCO MeOCH,, 2,6-(MeO),CoHs,
2b L AREN o 35(MOLCH, 246 CO/H,0 84014 ET,, prop. n.a. 0471
[ éo c (MeO);CeH,, 3,4,5-
B (MeO);CeH,
_~, ¢o
(0] =~ NI"'RI COo , 4y
2 3 _
2c o l SN | ~co CO/CO, n.a. ETy prop. n.a.
=
Cl
R N : IN (':0 C
Z AN
2d K\/E\Nl [ R=H, 'Bu, CF;, NO, co 53 na na. n.a. 049
> r
==, N'Rl o R'=Me, p-CiH,R?, (m-
(\v--é;‘),,, | «CO CF3).GeHs " 8 84,150
2, | oWV 2 __ 4] 4 4,151
3a v Sn—RESo R?=CN, CF;, NO, CO/H,0 9284 ETy prop.B4 n.a. 84,1301
(=) | X=Cl, Br
X Y=CH, N
co
R'="'Bu, pyrenyl
R?=H, Me
) [is1) [151-152]
3b Y'=C, N CO/H,0 85 n.a. n.a. n.a.
Y?=CH, NH
R'=Cy,Has, tolyl, CeH,-
(‘Bu)s, C;HsOH
4a CO/H,0 92 n.a. n.a. n.a. (s3]
R?’=H, NO,, OMe
X=Cl, Br
N=N co
N, | <o R=2,6-(Pr);CeHs, CH,CeH
4b Re o 2oy e CO/H,0 99 ETu exp. IR-SEC 054
s’ N CH,CeFs
N | Yco
 d
5 CI
S NR| €O
5 € R=H, Me, Ph CO/H,0 61 ET, comp. DFT 1153
(3_\,N( | \CO [H, M p
R co
<N
= e
HN.N,, | «CO
6a - n.a n.a. n.a n.a. n.a. 126l
6b R=H, Me co 105+5 n.a. n.a. n.a. (51
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Table 3: (Continued)
Entry Cat. system Substitution Major product ~ Max. FE (%)  Mechanism Basis Method Ref.
L
oc L=pyrazole, 3,5-dimethyl-
Y, pyrazole, 11s7)
7 OC/R|e\ indazole, 3-(2-pyridyl)pyra- co 8 ETw prop -2
zole
CO N
o |m L=co, cl
~_Jl_-CO LNL=Dbpy, phen
& | pph, =[M] n=0,1 CO/H,0 94 ETy prop. n.a. 0s8]
|_ e R=H, Ph, tolyl,C¢H,Br,
Ph,P N\R CeHeM]
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Table 4: Catalytic systems, major products, maximum FEs, and mechanisms of Fe complexes in electrochemical CO, reduction (n.a.=not available,
prop. = proposal, comp.=computational investigation, exp.=experimental evidence).

Entry Cat. system Substitution Major product ~ Max. FE (%) Mechanism Basis Method Ref.
R
Fell.
R=Ph, C4Fs, pyren-1-yl :
) ) ) CO/H,O 100604 [160a,d,g,164]
la R R meso-thien-2-yl, H({Ozz’ - ETw comp1®i181 pFT ol

meso-5-methylthien-2-yl [160b,e,;h—j, 162, 166]

R'—R’=CO,Me,
NHCO'Bu,
NHCOCH,CH,Melm™, Fell.0166f]
" :
b NMe;, ,::IZC?’BLrCOZMe’ CO/H,0 1000160 ET,, compI®0tIsel  pET Fell.

[160f,h, 166a—c,e]
R'MR'/R’NR?=NHCO-

(CH,),,CONH, NHCO-
(CH,)1oImCONH

Tc - CO/H,0 65 ETy comp. DFT feof)
R=Ph, pyren-1-yl, CO/H,0 1000 Fe'.097
1d R O O R CO,Me Npl\>;le3+ SyO{ |/_|22 g40160f] ETy comp_neof] DFT Fe!ll.[160e,£h,j,168]

R' = CH,CONHC{H;-

(CF3),, NHCOCH,C¢H,-
7\ 1 (CF3),, 1169]
Y,
le =, O R NHCONH-Fe-TPP, COC/:ZO Z?Uﬁ} ETM Comp.“en DFT [163,167,169-170]
4

OMe
R*=H, NH,, OMe
Y=CH, N

Fell_[]ﬁl)g]
1f R=OH, OMe CO/H,0 940160 ETy prop. n.a. |

Felll160ce]

R = propylpyrene CO/H,0 97 n.a. n.a. n.a. 7
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Table 4: (Continued)

Entry Cat. system Substitution Major product ~ Max. FE (%) Mechanism Basis Method Ref.

R=CH,CONHCH,-
(CF3)2,

Fe!l-1167]
172] [167]
1h NHCOCH,CoH, (CF).. CO/H,0 96 ETy comp. DFT Fell 172
OH
R' =3,4,5-trimethoxy-
i RL”CF],ELY,'\]H CO/H,0 9 ETw comp. DFT 073
- pal
C¢H,OH, C¢H,SO,H
R' =3,4,5-trimethoxy-
phenyl
R?=3,4,5-trimethoxy-
phenyl
1j 0 CO/H,0 100 ETw prop. n.a. (74
"
o)
O
ET,
CO/H,0 42 Mo .
2a L=Melm Hc/o; 74 (CO/G0,) exp. IL IR 07
C.O2 - ETy prop. SEC
2 (HCO,)
R'=Me, ‘Bu
2b R?='Bu, OH, OMe HCO,H 850178l ET exp.["7? IR-SEC (78,179
R*='Bu, OMe H, 607! H comp.'”] DFT
X=-, Cl
3 [Fe,Y(CO), (L)]" L=CO, PPh;, PPh,- HCO,~ 96+ 20180 ET, exp.l%0 IL, IR- 30182
(CH,),0H, H, 96+ 611 SEC,
PPh,CH,tr XRD
n=1,2
Y=CN
SE
P
JCLN™
4 N\’»ﬁl __N - HCO,™ 30 ETy comp. DFT 159
e
C /N D
HN CI NH
L/
5 [Fe(NNN);** NN = bpy, phen CO/CO,*" n.a. outer sphere exp. UV/Vis- &3]
comp. SEC
DFT
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Table 4: (Continued)
Entry Cat. system Substitution Major product ~ Max. FE (%) Mechanism Basis Method Ref.
6 [Fe(tpy)]*" - CO/CO,*" n.a. outer sphere exp. UV/Vis- 13l
comp. SEC
DFT
SiMe,R
YC@:O chem.
. R=Me, ‘Bu exp. isol.
f H [161b] ET ) [e1)
7 ‘J&Meﬁ Y =CH,, C,H,, O CO/H.0 % M comp.  IR-SEC
{ DFT
G
IR-,
_ exp. UV/Vis- 184
8 CO/H,0 48 ETy comp. SEC
DFT
L=H,0, MeCN,
CF,S05~
9 n=0,1,2 CO/H,0 8108l ETy comp.l'®l DFT [185.18¢]
R=H, NHEt, NEt,, OH,
OMe
10 - CO/CO>” n.a. ET,, exp. I, ne7
NMR,
XRD
PR2—|2+
“apt _
Ry ko L=MeCN HCO 97 IL
Fe 2 , [188]
1 [;~p’|\\L R=Ph MeOHY 69 ETw exp- NMR

[a] After addition of Et;N. [b] The metal is coordinated by an axial halide ligand. [c] IL=isotopic labeling. [d] After addition of NHEt,.
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Table 5: Catalytic systems, major products, maximum FEs, and mechanisms of Ru and Os complexes in electrochemical CO, reduction (n.a.=not
available, prop.=proposal, comp.=computational investigation, exp. = experimental evidence).

Entry Cat. system Substitution Major prod-  Max. Mechanism  Basis  Method  Ref.
uct FE (%)
1a [Ru(bpy) (CO),.Lo]"™" L=Cp, CO,Me, py-CO,", qui, Cl CO/CO,*~ 971 ETw comp.®  DFT  [#91%0
m=0,1,2;n=0,1,2;0=1,2 CO/H,0 n.a. 194197,
H,CCOCH,® 701 %8
R™ Y R'=Me, ‘Bu, pyrrol-1-ylethyl, CO,-Pr, ET,, (CO)™
b /N\R|U/CO pyrrolylpropyl carbonate CO/H,0 100! M ET . a [94b, 189,
=~N""| >Co R?=Me, 'Bu, CO,-Pr, pyrrolylpropyl HCO,H 9704l s prop- - 1982
S (HCO,H)
R Cl carbonate
R
' \N fl co
7N~ CO/H,0 95671
R _ 2 : 67,136]
Tc AN |u\C0 R=Mes, CH,NEt, HCO,H gn3e ETy exp. IR-SEC
<A,
R
1d [Ru(di-R-bpy),(CO),,L]"" L=H, EtOH, qui, 1,8-napy, Cl CO/CO,>™ 7811 ETw exp.? IR, 195,196,
m=0,1,2;n=0,1, 2; CO/H,0 88120l comp.?? NMRI' - 200204
0=0,1,2 HCO,” 841201 DFT
R=H, CO,H H,CCOCH,; 16" ET, exp.??! IR,
DMF®! 210 NMR,
H, 5700 UV/Vis
2a [Ru(tri-R-tpy) L]"" L=H,0, CH,CN, CO, di-R%-bpy, phen-  CO/CO,*~  95%! ETw comp.V  DfFT 91192
CO,”, dmphen,! Mebim-py, pbn, 8- CO/H,0 8512001 205-208]
(diphenylphosphanyl)-qui, Cl HCO,™ 4200
n=1,2
R'=H, ‘Bu, NO,
R*=H, Me, ‘Bu, OMe
2b [Ru(4*-R-tpy) (L) (X)]"* L=bpy, tpy CO/H,0 38 ETw prop. n.a. (209)
n=1,2 HCO, 10
R=H, 4-(tert-butyl-phenyl)-1H-1,2,3- H, 33
triazol-4-yl
X=-Cl
2¢c R=PO;H,, PO,Et, CO/H,0 63 ETu prop. n.a. =
2d NNNNN =tpy CO/CO;* 22 n.a. n.a. n.a. @
2e Y=CH, NMe CO/CO;* 35 ETy exp. IR-SEC @12
3 - CO/CO;* 97 ETy comp. DFT 23]
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Table 5: (Continued)
Entry Cat. system Substitution Major prod-  Max.  Mechanism  Basis ~ Method  Ref.
uct FE (%)
HCO,"
4a Y=CH, N H,CO n.a. ET, exp. IR-SEC
MeOH
4b - CO/CO;* 96 ETw comp. DFT @
_ HCO,~ 90 IL, IR- [216]
5 L=bpy CoL 70 ETy exp. SEC
CO/H,0 19 ETy (CO)
6a R=H, Me HCO,™ 25 ET, prop. n.a. @7
H, 24 (HCO,)
CO/H,0 73 ETy (CO)
6b X=-Cl HCO,™ 40 ET, prop. n.a. @7
H, 27 (HCO,")
6c R=C¢H,OMe CO/CO;* 53 ETy comp. DFT (18]
6d R=C¢H,OMe CO/CO;* 25 ETy comp. DFT 18]
7 [Os(CO) (di-R-bpy) (L)Cl,] R=H, CH;, ‘Bu, CO,-Pr CO/CO& 60 n.a. n.a. na. 2220
L=CO, PrCN, Cl HCO,™ 481
8 [0s(CO) (bpy),H] - CO/H,0 90! ETu exp. IL (22,222
HCO,~ 25121

[a] After addition of (CH,),NBF,. [b] After addition of HNMe,. [c] 2,9-Dimethyl-1,10-phenanthroline. [d] 1-Methylbenzimidazol-2-ylidene-3-(2"-
pyridine).
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Table 6: Catalytic systems, major products, maximum FEs, and mechanisms of Co complexes in electrochemical CO, reduction (n.a.=not available,
prop. = proposal, comp.=computational investigation, exp.=experimental evidence).

Entry Cat. system Substitution Major Max. FE (%) Mechanism Basis ~ Method  Ref.
product
T+
I X
N 1,2
1 | n=
X ! 235] 236
o aen ) s e como s e PR LR
|°\X X= -, MeCN, NCS, Cl, Br ? P

1b - CO/H,0 82 ETy comp. DFT B9
ETy (CO) exp. IR-SEC [239]
le - HCO,H 80 ET, (HCO,H)  comp.  DFT
Ph Ph 2+
_N\ - )
1d /_\N—/CO—N \ - HCO,H 60 n.a. n.a. n.a. [240)
=\ —
N N=
Ph Ph
R: \
N, N= CO/H,0 93
2 Co R=H, M z ET, . a. 241
a _N, N , Me H, (CO+H) H prop n.a
R
Ar —l n+
Ar=Ph, C,H,CF;, CgH,NH,,
CeHiNMe;™, CgH;(OH),,
CsH,OMe, CsH;(OMe),, [242] [242] [242,243]
3a Ar Ar CoH,Cl, CoH,Br, C.H,F, C.Fs CO/H,0 97 ETy prop. n.a.
n=0,1
X=-cl
Ar
3b - CO/H,0 89 ETy prop. n.a. 244
(0]
0~ OMe
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Table 6: (Continued)
Entry Cat. system Substitution Major Max. FE (%) Mechanism Basis Method  Ref.
product
R'=H, ‘Bu, OCH,;, O-py ~ CO/H,O 10012 (230 (120,230,
3c R2=H, 'Bu, OCgH,,, O-py H, 72070 ETy P oCAS e
RP=H, NMe," MeOH 20231 comp. DFT 245,246]
3d - co 97 n.a. n.a n.a 247
HCO, 12
CH,OH 59 GE:PI\SIYS
A L=PPh, H,CO 10 - exp R
R=S-(PEG7)-OCH, CH,CH,OH 48 M : ok
CH,CO," 13 N
H, 36
5a - CO/H,0 77 n.a. n.a. n.a. 248
_|2+
= NN
e
5 Y N R=CH, CO/H,0 98 ET com DFT B4
SNy R RAR=CH,, (CH,), /e v P
.
\ Y N/
N \\_|n+
/
NN N IR, UV/
N n=0,1 exp. . 1250]
5¢c Lo CO/H,0 16 ETy Vis
SN W= X=-Cl comp. DFT
NT X
H
_|2+
g
) N—7
6 RN /Co NR R=H, Me, allyl CO/H,0 98 ETy comp. DFT 2620
=N |>| A\
/v
Lo+
[
=Py (252
7 N/ | (+ dimer) CO/H,0 84 ETy comp. DFT
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Table 6: (Continued)
Entry Cat. system Substitution Major Max. FE (%) Mechanism Basis Method  Ref.
product
R'=H, ‘Bu, OMe
) ) ) H 71253]
8 p-Me-C¢H,, p-Cl-C¢H, CO'/_| 0 ;3[253] ETy prop.? na. %24
R*=H, 'Bu g
9 [Co(PPh,),L]"" L=4,4-di-Me-bpy, 4-Me-1,170- CO/CO,*~ 83 ETy prop. n.a. 23]
phen, 2-Me-8-hydroxyqui HCO, 44
n=1,2
Rl
=t HCO 99438
& - +
10a [CoCp(L)I]* 2 ET, comp. DFT 2261
kp N H, 67+5 H
L= g1
Cp* jn+

\N/Co""'x n=1,2

10b P l!l R=H, Me CO/H,0 70 ETy prop. n.a. 257

= X=MeCN, |
N
R
— 7 N\
N N\ /N_ - g [184,229,
Ta — . ; A = - CO/H,0 94 ETy prop. n.a. 258)

[259]
11b =N Y=CH,, (CH,), (CH,); co/H,0 10“[[2660] ETy prop. n.a. 259]
N/CO\N HCO,H 23
Y
12 <:/( b - CO/H,0 96 ETy comp. DFT 12611
CI

\
13a 7 “N—Cg - CO/H,0 95+2 ETy comp. DFT 267

n+
1 T—@ LNL=dppe, bpy, CO/H,0 92 + 41271
w, | N 4,4-(OMe),bpy, 2 (CO+Hy,) ET, (CO)
| ) ) [263,264]
13 C SO~ 2-pyridinethiolato HC&H 64754 ET,, (HCOH/H,) ~ ©°MP- DT
7| N= n=0,1 2 19264
SN\
i
Pr
t|
Bu Qr ) XRD
14 / N\ - n.a. n.a. ETu chrF:' coupled P
P cluster

— ’Pr\
Bu ipr
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Table 6: (Continued)
Entry Cat. system Substitution Major Max. FE (%) Mechanism Basis Method  Ref.
product
A
NN co/H0 23 ET,, (CO)
2+ | 2 M [265]
15 [Co(L),] P No H, £ ETw (Hy) prop. n.a.
L=
—|2+
Ree /| D\ o
16 C0< _/_/CO R R=MeCp C,0, 80 n.a. n.a. n.a. (2661
0\
I/R

Table 7: Catalytic systems, major products, maximum FEs, and mechanisms of Rh complexes in electrochemical CO, reduction (n.a. =not available,
prop. = proposal, comp.=computational investigation, exp. = experimental evidence).

Entry Cat. system Substitution Major prod-  Max. FE (%) Mechanism Basis Method  Ref.
uct
1 [Rh(dppe),Cl] - HCO,~ 42 ETy exp. Chemical P
isolation
2a  cis-[Rh(bpy),(CF;SO;),]" - HCO,™ 83026°) ETy prop.  na. 271
Bu;N 591269
H, 291269

%{ "

% CI/R\h\N == 3 HCO,™ 49 ET., prop. na (2702]
N \ H, 32
g
A

_|n+

S L=Cl
N, L
3 N LNLAL = 2,4,6-tris (2-pyridyl)-1,3,5-triazine HCO, 82 n.a. n.a. n.a. 2e7)
o n=0,3
L
0 N A L=Cl; LNL= pyCONH,
4 N—Rh—L LNLNL = bis-(2-pyridylcarbonyl)amide, tpy HCO,” 78 n.a. n.a. n.a. (267)
o=x_ 7/ \ n=1,2
=N L
N\_7
5 [Rh,L,(NNN),J* L = p-ditolylformamidinate HCO,~ 12 ET, prop.  na. (2700]
NNN = phen, dipyrido[3,2-f:2',3"-h]quinoxa- H, 77
line)
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Table 8: Catalytic systems, major products, maximum FEs, and mechanisms of Ir complexes in electrochemical CO, reduction (n.a.=not available,
prop. = proposal, comp.=computational investigation, exp.=experimental evidence).

Entry Cat. system Substitution Major product Max. FE (%) Mechanism  Basis Method  Ref.
1 [IrCI(CO) (PPhs),] - CO/H,0 n.a. ET, prop. n.a. (2761
HCO,~ n.a.
R Tn+
L=H, MeCN
_ - [277] [274] [274,
23 Y H Y ” 0, 1 H Tni + HCOZ 96[274] ETH exp. [278] NMR 277-279]
Bu) II>—/"Ir II)(tBu) R=H, pyr, 4,4-dimethyl-1-piperazinium H, 15 comp. DFT
(Bu), S 2 Y=CH,, O
MeCN
Ny, It
L
2b yooN Y=CH,, NH, O CO/H,0 98 n.a. n.a n.a (280]
(Bu)P—Ir—P(Bu),
co
X
| —
n N9 - HCO,~ 97 ET, exp. NMR B
(tBu)zP—'IT\TP(’Bu)2
H
H
H)
3 ("Pr)zp—"'|r\Tp("pr)2 - HCO, 97 ET, exp. NMR 7
I
R'=H, Me, NH,, OMe
4 R?’=H, Me, ‘Bu, OMe HCO," 44 ET, prop. n.a. (282)
R*=H, CO,Et, CONH (p-tolyl), OMe
L=MeCN -
5 n=1,2 Caéi?i 1ﬁ$ ET, comp. DFT @72
Y=N,C z
6 R=Cp* C,0,% 60127 ETw exp. IL, IR-SEC [266:275

11672
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Table 9: Catalytic systems, major products, maximum FEs, and mechanisms of Ni complexes in electrochemical CO, reduction (n.a.=not available,
prop. = proposal, comp.=computational investigation, exp.=experimental evidence).
Entry Cat. system Substitution Major product ~ Max. FE Mechanism Basis Method Ref.
(%)
N _|2+
L
] N 1
1 R_N'\'\E,/N_R R=-H CO/H,0 44024 ET, prop.94  na 412290
i
"
R
Ré RS —|2+ R'=H, Me; R*=H, propyl,
R3 H R! Bn, (CH;),0H, CO,H, NH,, IR- [54a,62b,241,
Yo Y R*=H, Me,, Ph, tolyl, C¢H,CF; CO/H,0 991283] ET. (CO . SEC 97 283,284.287,
22 RAZ N R=R°=H, Me, Me HCO,” 75054 w (€O) exp- '
NS 7 I\ , 5: f 2 2 s ET, (HCO,H) Comp'[zgn PRI284.298] 291,292,
B YOy, RNR® =Cy H, 53 DT e
Y=NH, NMe
5 pé ’
A* R Z=CH,N
RN 1 N
2b <:N\Nit|Ni> R= N~ CO|/_|HZO ;g n.a n.a. n.a (00)
20N N 2
NA HN N
/
H _|4+
, <:N|:| N ) n=0,2 (CEHA-HbriiAged), 346 om0 o555 ETMET(CO) prop®  na e
¢ Ni Y—{CH =n, Ve - [54a] H 29%g] o
NI:I I:IN 2/n Y=CH, N HCO, 68 (HCOH) comp. DFT
R72
— —|2+
N N 79
2d @H:Ni/H - COl/_|HZO (com- ETy prop. n.a. BT
NT N 2 bined)
-/
7 :
JNG N R'=Me, Ph
2 R N O)—R? R?=H, COMe, CO,Et C,0.° 98 ETy prop. n.a. 294
SO e
o_ O
g/ Wi\ IL, IR
i _ 2- ) IR, [54b]
2f - \N— C,0, n.a ETy exp. UV/Vis
-/
2+
~
NH NN
2g —N/\: :Ni: N\ - CO/H,0 95 n.a n.a. n.a (295e,302)
NH "N_N
—/
e+
/—NH NON 302
2h N\_ Ni_ S > - CO/H,0 96 n.a n.a. n. a 1302
N NH NN
/ 3
n+
| o n=0,1,2
—
I Y A3 R=Me, Bu CO/H,0 34803 exp. Uv/Vis .
& ‘ 304] [303-305]
B I )>—h§i—<(N1 P X=MeCN, Cl HCO," 47801 ETw comp.  DFT
h \ X ! =
B g Y=CN
o~
3 W ek B CO/H,0 25 ET, (CO) exp.  IRSEC g
@NKEM—«N H, 55 ETy (Hy) comp. DFT
%
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Table 9: (Continued)
Entry Cat. system Substitution Major product ~ Max. FE Mechanism Basis Method Ref.
(%)
R
R\N N R
N\ )\ AN IL, IR-
4a Nl R=Me, Bu, 2,6-Me,CsH, CO/CO,> n.a. ET,, exp. pA 307
Ph,P. _PPh,
N
H 2
\\\\//,,, +
Ph,P* pph2_| _
~‘ N| L=CO, MeCN, 'PrCN, ‘BuCN,
4b Ph,P; \\ “PPh,  CeHyCN, CH,CHSCN, 2,6- CO/CO* n.a. ETy prop. n.a. 308]
/ Me,CoH;CN
\l/ Ph,
5 R=H, CO,H, PO;H,, SH cojco;™ 430 ET expi  IRSEC psag
=R, LOA, FO;R,, H, 6700 M P UV/Vis
6a - CO/H,0 61 n.a. n.a n.a. B10]
/ A
—
| A _|+
2 =
X N |
|/N\R'/O\ \l\:l
6b /T s - CO/H,0 82 na. na n.a. B0
) N/ a
= Ny {
k. //\
R HCO,H 1
Q MeOH 16
7 Y N— R=H, NH, C,HsOH 36 ETy prop. n.a. (29
0”0 H, 65
j,
N
RINSNS, S o R'=—, Me _
8 E;EES,NLS I B Ri— - Ac HCO, 7081 ET, comp.t  DFT B2
e
9 [Ni(TPEN)]>* TPEN =N,N,N',N"-tetrakis(2- ~ CO/CO,> n.a. ETy comp. DFT el
pyridylmethyl) CO/H,0
ethylenediamine
2+
= NN
| )K"N
10 Ny y Y=Me CO/H,0 87 ET, (CO) comp. OFT 14
- N YNY =CH,, (CH,), H, 93 ETy (Hy)
-
AN
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Table 9: (Continued)
Entry Cat. system Substitution Major product ~ Max. FE Mechanism Basis Method Ref.
(%)
= H H )= ,
N, N CO/CO*
AN 23420 exp. IR-SEC
N Ni N _ 315)
n ( N~ I\N ) cH, (combined) ETu (CO) comp. DFT
_ W H _ H,
W Ny 7

[a] Degradation of the catalyst to Ni(CO) species
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Table 10: Catalytic systems, major products, maximum FEs, and mechanisms of Pd and Pt complexes in electrochemical CO, reduction (n.a.=not
available, prop.=proposal, comp.=computational investigation, exp. = experimental evidence).

Entry Cat. system Substitution Major product ~ Max. FE (%) Mechanism Basis Method Ref.
L=MeCN, PEt,, PPh;, P(CH,OH),,
1T2+ P(OMe),
P(RY), R'=Et, neopentyl, Cy, Ph, (CH,),PO(OEt),, ~ CO/H,0 948 £ B0 B
2_b_ph_ (319] H prop. n.a.
la  R2-p—pPd—L NMe, CH, 1 ET. B ox cy e
\P(Rl)z R?="'Bu, neopentyl, Ph, Mes, (CH,);OH, H, 90P¢! M P-
TMB,E (CHZ)ZPMe;, (CH,),PBu;™, NMe,,
NEt,, N'Pr,, OMe
|10+
P T CO/H,0 25
b Ph—P—P(/:I—MeCN L= }_/—P Pd MeCN |/_| ? 87 n.a. n.a. n.a. G22)
PR 2
PL 2
—as
PEt2
Tc P Pd MeCN - CO/H0 37 n.a. n.a. n.a. B2z
: H, 68
Si PEt2
( RZMeCN
v R=Et, Cy CO/H,0 85021 (25,324
1d (}, Y=CH,, 1,3-phenyl H, 26124 ETu ep. QY
|
P’PF\PRZ
R, MeCN
e
('?zC)TP(Rl)z 1=2,3;m=1,2,3;n=1,2 OO .
Te  pa_p_ph R'=Et, Cy; R?=Ph, Mes /M, ETy prop. n.a. (23]
H, 39
\ X=H, MeCN
(H,0)= P(RY),
R2  R2 T+
. L=MeCN, Cl, Br; n=1, 2
Nﬁ-’/N‘R3 R'=H, Br, OMe, CO,(CH,),OH; R*=H co 590326) 305,317,
2 RlQ—Pd—L R’NR*=Ph, pyr, phenanthrene H 10051 ETy comp. DFT 5,05,
= N)’*N’RS R®=Bu, CH,PyMe", propylNMe;", 2
RZ)———QRZ propylPEt;*, propylPPh,*, CH,C¢H,PPh;*
_ L _ [328]
2 - ’ ’ . .d.
3 [PdL,Cl,] L=pyrazole, 4-methylpyridine HCO, 20 ETy prop n.a
3-methylpyrazole H, 54
\r CO/H,0 75
4a [Pd(PPh,),L]" L= .//Y\Rz HC/OZZ’ 45 ETy prop. n.a. (23]
R? R!
4b [Pd(PPh;),L]** L=4,4"-dimethyl-2,2"-bpy, CO/H,0 81 ETy prop. n.a. (53]
4-methyl-1,10-phen HCO,~ 40
5 [Pt(dmpe),J** dmpe = 1,2-bis(dimethyl- HCO,~ 90P® ET, expP? v, B33
phosphino)ethane NMR

[a] TMB =trimethoxybenzyl.
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Table 11: Catalytic systems, major products, maximum FEs, and mechanisms of Cu and Zn complexes in electrochemical CO, reduction (n.a.=not
available, prop.=proposal, comp.=computational investigation, exp. = experimental evidence).

Reviews

An

Internati

Entry Cat. system Substitution Major product Max. FE (%) Mechanism Basis Method Ref.
1 CuCl, + PPh; (in situ) - Co 73 (combined) n.a. n.a. n.a. B30
HCO,H
H,C,0,
L=MeCN, py
2 R'=H, Me, ‘Bu CO/CO,*" n.a. ETy exp.*2 I, IRSEC ~ B323%
R?='Pr, Ph
3 - c,0.2 96 ETy exp. MS, XRD B8]
4 R =octyl, dodecyl n.a. n.a. n.a n.a. n.a (34
cob¥l 48
5 - CH,B* 7 n.a n.a. n.a 335,336]
H, 1 90
6 _ CcoO 78 T exp. IR-SEC (337]
HCO,H 31 M comp. DFT
7 - co 33 n.a n.a. n.a (331
8 - Cco n.a. ETy prop. n.a (30

Angew. Chem. Int. Ed. 2021, 6o, 11628 —11686

© 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH www.angewandte.org

dte

Chemie

1677


http://www.angewandte.org

GDCh
~—

Glossary

M

ads
bpy
cat,
cat g
Cy
comp.
Cp
Cp*
CPE
CPET
Cv
cyclam
DFT
diphos, dppe
DMF
dmpe
dmphen
E

Ecat
EPR
Eonsct

ET
ETy
E thermo
ETy
ETq
exp.
Fc/Fc*™
FE
GC
HA
1L

Im

IR

L

LA

m

M
Mes
MS
MWCNT
n

n.a.
napy
NHE
NMR
pbn
Pc
PCET
PEG
phen
PMI
prop.
PR
PSCAS
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PT proton transfer
PVP poly(4-vinylpyridine)
overpotential/coordination mode py pyridine
adsorbed pyr pyrene
2,2-bipyridine qui quinoline
oxidized catalyst species salen bis(salicylidene)ethylenediamine
reduced catalyst species SCE saturated calomel electrode
cyclohexyl SEC spectroelectrochemistry
computational investigation SHE standard hydrogen electrode
cyclopentadiene SPET sequential proton—electron transfer
pentamethylcyclopentadiene Sub substrate
controlled potential electrolysis tf triflyl
concerted proton—electron transfer TFE 2,2 2-trifluoroethanol
cyclic voltammetry T™C 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclote-
1,4,8,11-tetraazacyclotetradecane tradecane
density functional theory TOF turnover frequency
1,2-bis(diphenylphosphino)ethane TON turnover number
N,N-dimethylformamide TPEN N,N,N',N'-tetrakis(2-pyridylmethyl)ethylene-
1,2-bis(dimethylphosphino)ethane diamine
2,9-dimethyl-1,10-phenanthroline TPP tetraphenyl porphyrin
electrode potential tpy terpyridine
potential of catalyst reduction tr triazole
electron paramagnetic resonance UHPLC ultrahigh-pressure liquid chromatography

onset potential of CO, reduction in an elec-
trochemical experiment

electron transfer

electron transfer through hydride
thermodynamic potential of CO, reduction
electron transfer through molecular complex
electron transfer through substrate
experimental evidence
ferrocene/ferrocenium

Faradaic efficiency

gas chromatography

Brgnsted acid

isotopic labeling

imidazol

infrared

ligand

Lewis acid
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