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1. Introduction

In the last few decades, significant attention has been paid
to the development of sustainable strategies for molecular
assembly in terms of both economic and environmental
benefits." In 1991, Trost proposed the concept of atom econ-
omy and highlighted the value of transition metal catalysis
towards this goal.>® Later, Anastas and Warner introduced the
twelve principles of green chemistry in 1998 to provide guide-
lines for minimizing the environmental footprint of chemical
syntheses.! Further, the principles of step economy” and redox
economy have been put forward.>” In contrast, resource econ-
omy aims to provide a basis for designing fully sustainable
methodologies of molecular syntheses.® These principles are
reflected by the development of the corresponding techniques
(Fig. 1a). Considering the transformation of two organic
reactants with the corresponding reactive groups, the cross-
coupling catalysis was developed. C-H activation allowed the
use of even less functionalized starting materials.”® Metalla-
photocatalysis offers the potential to drive catalytic processes
from solar energy.'®' This is finally accomplished with
metallaelectrocatalysis, which in addition has recently gained
momentum by outstanding cooperativity effects with base
metal catalysts. In this regard, metallaelectrocatalysis has
emerged as a potent strategy to achieve selective chemical
syntheses (Fig. 1b). In this review, we focus on the recent
developments to achieve improved resource economy in
molecular syntheses by combining Earth-abundant 3d metal
catalysis and electrooxidation towards ideal resource economy
until February 2020.
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2. Resource economy in organic
syntheses

The economy of Synthesis

Atom economy: Maximizing the number of atoms of raw materials
that are incorporated in the desired products

Step economy: Reducing the number of reaction steps for efficient
chemical syntheses

Redox economy: Minimization of redox manipulations in order to
achieve an ideally isohypsic synthesis

Resource economy: Minimizing the overall footprint of chemical
transformations as to the complete life cycle analysis, including, but
not being limited to the use of naturally abundant or renewable
feedstocks, solvents, metal catalysts, energy, and redox reagents

Organic syntheses based on multi-step functional group trans-
formations should ideally be avoided because of their low
atom-and step-economy. In contrast, transition metal-catalyzed
C-H activation has been established as a potent tool to achieve
high levels of atom- and step-economy by employing non-
functionalized starting materials.>** Despite significant
advances, precious transition metal catalysts, such as palla-
dium, rhodium, ruthenium, and iridium, are predominantly
required for achieving high efficiencies. In stark contrast,
recent developments in this rapidly evolving arena suggested
the use of Earth-abundant 3d transition metal complexes as
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Fig. 1 General overview for enhancing the economy of organic syntheses. (a) General paradigm shift in catalytic organic syntheses. (b) Achieving
resource economy by electrochemical 3d metal-catalyzed organic transformations.

catalysts in C-H activation reactions.**** However, oxidative
transition metal-catalyzed transformations usually demand
stoichiometric amounts of toxic and expensive metals oxidants.
This requirement compromises the overall sustainable nature
of the C-H activation strategy by generating often toxic metal
wastes, high production costs, and overall poor resource economy.

Considering its natural abundance, the use of molecular
oxygen as the terminal oxidant in transition metal-oxidase
catalysis continues to be of topical interest.>*™® Despite the
improved sustainability and resource economy, the use of
oxygen is on the one hand limited by its fixed oxidation
potential. On the other hand, and more importantly, major
safety hazards in view of flammable reaction media in large
scale syntheses need to be addressed, rendering this approach
challenging particularly for scale-up.*®

As a consequence, in recent years, photoredox catalysis
has emerged as a strategy to affect redox processes in transition

4256 | Chem. Soc. Rev., 2020, 49, 4254-4272

metal catalysis in a mild and selective manner.’**> These
transformations are mostly based on noble iridium or ruthe-
nium complexes as the photoredox catalyst (PC) to convert light
into chemical energy. It is noteworthy that each PC offers only a
unique fixed redox potential and therefore the use and synthesis of
specifically tailored PCs are essential to realize the desired redox
transformation (Fig. 2, top). The synthetic modification of PCs to
adjust the redox potential typically demands labor- and cost-
intensive multistep transformations. Though the power of photo-
redox catalysis has evidently been demonstrated for transition
metal catalysis,’® the quantum yields of these transformations
are typically low when employing visible light, and natural sunlight
can normally not be used, because of the narrow absorption range
of the PCs. In contrast, high power LEDs or Kessil LED lights are
often necessary for satisfactory efficacy.

In sharp contrast, the direct use of electric current for
the development of new redox strategies sets the stage for the

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 While photo catalysts offer only selected, fixed potentials and can use only a very limited part of the solar spectrum, a potentiostat gives access to
the complete potential range with high precision and can be powered exclusively by sustainable energy sources.

efficient utilization of available energy sources, such as solar or
wind power. The infinitely variable redox potential is easily set
at the flick of a switch (Fig. 2, bottom). In electrocatalysis,
electrons serve as an inherently clean redox reagent to drive the
redox process and avoid stoichiometric reagent waste. The
controllable redox potential generally allows for improved
functional group tolerance and high levels of chemo- and
regio-selectivity. Realizing the great potential for resource
economy, several organic transformations have been developed,
which merge traditional oxidative transformations with electro-
lysis, which has been reviewed elsewhere."”>°

The full potential of dual electron catalysis and transition
metal catalysis - coined metallaelectrocatalysis - to enable
efficient organic transformations has only recently been
recognized.’'~* Until very recently, the use of Earth-abundant
3d metal catalysts in metallaelectrocatalysis for otherwise inert
bond activation had proven elusive.>* In addition to their Earth-
abundance, 3d metals are cost-effective and generally less toxic
in comparison with their noble 4d and 5d homolouges.> The
outstanding capacity for resource economy has made base
metal-catalyzed metallaelectrocatalysis an invaluable platform
for organic synthesis.>>®

This journal is © The Royal Society of Chemistry 2020

3. Principles, tools, and design of
metallaelectrocatalysis
3.1 History

The development of the voltaic pile by Alessandro Volta in Pavia
as the first continuous source of electricity®” set the stage for
the development of a wealth of further inventions. Importantly
it allowed Sir Michael Faraday to quantify electrochemical
syntheses by his laws of electrolysis. He also noticed the
formation of hydrocarbons during the electrolysis of dilute
potassium acetate solution.”® Hermann Kolbe, who was born
and educated in Gottingen as a student of Friedrich Wohler,
then identified and isolated ethane, carbon dioxide, hydrogen
and dimethyl ether as the products of the electrolysis of a series
of carbonic acids.>

3.2 Tools, design and principles

When an electrode is immersed in a solution of a half-cell, the
difference between the solution’s and the electrode material’s
electrochemical potential leads to a charge separation at the
electrode-electrolyte interface originating from the systems
attempt to reach equilibrium. It is extremely challenging to

Chem. Soc. Rev., 2020, 49, 4254-4272 | 4257
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experimentally determine the value of this electrochemical
potential difference. Two distinct half-cells will differ in the
amount of charge that accumulates on the electrode surface.
If these two half cells are connected, without allowing a flow of
electric charge, this difference between the two equilibrium
electrode potentials can be measured as an electric potential
difference with a voltmeter. The standard hydrogen electrode
(SHE) has been chosen as a reference system and its equili-
brium electrode potential was defined as 0 V by convention.
Therefore, by measuring any cell versus the SHE, the equili-
brium electrode potential of the specific half-cell can be deter-
mined. The Nernst - eqn (I) relates the potential of a half-cell to
the activity of the corresponding species of the redox couple:
Instead of the activities, the respective concentrations are
commonly used as an approximation. As soon as current flows
and an electrochemical reaction occurs, the Nernst-Equation is
no longer valid.

R-T
In 2O i)
Ne - AdRed

E=E"+

E° is the standard electrode potential, i.e., the potential of the
half-cell under standard conditions, R is the universal gas
constant, T is the temperature in K, aox and ageq are the
activities of the oxidized and reduced species, respectively.

An electrochemical cell consists of at least two electrodes in
contact with the electrolyte. Electrons are transported in the
electric connections of the electrodes and the circuit is closed
by ion movement in the electric field developed between
the electrodes in the electrolyte. Electrochemical cells can
be divided into two subtypes with respect to their working
principle. In a galvanic cell - the voltaic pile consists of several
galvanic cells connected in series — electricity is generated until
the components of the cell have reached chemical equilibrium.
In contrast, in an electrolytic cell a chemical reaction is
powered by electricity. In this case, substances are oxidized at
a positively charged anode by transferring electrons to the
electrode. Simultaneously, at the negatively charged cathode
substances are reduced by accepting electrons from the electrode.
The two most important characteristics of an electrolytic cell
are the potential or voltage (U in Volt) and the current
(I in Ampere). Considering a molecular approach, the potential
can be viewed as the energy level of the electrons in the electrode.
A highly negative value corresponds to a strongly reducing
behavior, whereas a high positive value denotes a strong oxidative
force. The current relates via Faraday’s laws of electrolysis to the
number of electrons, which are passed through the solution

(eqn (ID)).
L

- (1

Nne

n. is the number of electrons, I is the current in A, ¢ is the time in

seconds, F = 96485.33 C mol ' is the Faraday constant. Note:

F = Nj-e with N, as the Avogadro constant and e the elementary
charge.

The faradaic yield or often Faraday efficiency (FE) is the

percentage value that specifies the ratio of Coulombs consumed
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in forming the chemical products to the total number of
Coulombs passed through the cell. This is expressed in the
following formula (eqn (III)):

Ne * Nprod * F

FE = % 100 (111)

tot

n. is the number of electrons added to or removed from one
product molecule, 7p;,q the amount of product in mol and Qo
the total charge passed through the cell (Qy = I-¢) in Coulomb.

According to Ohm’s law, the potential is proportional to the
current with the resistance (R) being the constant of propor-
tionality (U = R-I). This implies that only one of these values can
be preset in an experiment, while the second one will adapt
according to the cell’s resistance. The first option is to keep the
current constant (CCE = constant current electrolysis). This
results in a potential difference between the electrodes, which
enables the charge to pass through the cell at this specific rate.
This option is advantageous in terms of directly controlling the
amount of charge accompanied by a simple setup. However,
during an electrochemical synthesis, the potential will typically
increase, while the reactants are consumed and the cell resis-
tance rises. This may lead to undesired side reactions and will
decrease the current efficiency towards high substrate conver-
sions (Fig. 3a). Alternatively, a fixed potential can be applied
(CPE = constant potential electrolysis), which results in an
adapting current. This can allow more chemo-selective trans-
formations with high current efficiency so that ideally only the
desired transformation takes place. However, during the elec-
trosynthesis the current decreases due to depletion of the
reactants and accordingly the reaction slows down (Fig. 3b).
Additionally, a CPE requires more sophisticated equipment.
A reference electrode as a third electrode in the electrochemical
cell is mandatory to reliably control the working electrode’s
potential. At the reference electrode no electrochemical reac-
tion takes place and no electric current flows. If the potential of
one electrode is measured versus the live counter electrode,
an unknown overpotential (vide infra) arises. The reference
electrode must be chosen according to the system at hand.
For aqueous electrolyte mixtures, Hg/Hg,Cl, (calomel) or
Ag/AgCl reference electrodes are well suited. For short reaction
times, these can usually be applied in organic reaction media as
well. Several organic solvent-based Ag/Ag() reference electrodes
have also been developed. For a first approximation, it can be
sufficient to use an inert metal wire as a pseudo reference electrode.

a) b)

CCE CPE

potential

current

current efficiency
current efficiency

potential
current

substrate concentration substrate concentration

reaction progress reaction progress

Fig. 3 Comparison of theoreatical reaction profiles for CCE and CPE.

This journal is © The Royal Society of Chemistry 2020
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It has to be taken into account, though, that an alteration of the
metal surface or the solvent pH and composition may lead to a
change of the inherent potential of the reference electrode in
the electrolyte. This ultimately leads to a drift of the reference
potential and reduces the accuracy with which the potential is
kept constant.

The electrolyte in electrolytic cells mostly consists of a
conducting agent dissolved in an organic solvent or aqueous
media. Overall there are few limitations regarding the choice of
solvents for electrosynthesis. However, in addition to the usual
aspects of solvent selection for chemical reactions, such as
polarity, boiling point, coordination behavior and solubility of
reactants and reagents - to name a few - also the stability
towards electrolysis and electro-generated reactive intermediates
as well as the conductivity are of prime importance. Usually,
conducting agents have to be employed to decrease the resis-
tance of the electrolyte. The same restrictions as for the solvent
apply. Most importantly, the electrolyte mixture should be
electrochemically stable within the potential window that is
needed for the desired transformation. Information regarding
the stability of common electrolyte mixtures in terms of the
applied potential can be found elsewhere.®

Electrolytic cells can be differentiated depending on whether
a divided or undivided setup is employed (Fig. 4). In an
undivided cell the electrodes are in the same compartment of
the reaction vessel and all species in solution can diffuse freely
between the electrodes. In contrast, in a divided cell the anode
and cathode compartments are separated by a semi-permeable,
often ion-selective membrane or a glass frit of very fine porosity.
These barriers allow for the diffusion of small ions for the
necessary charge transport but hinder the diffusion of larger
molecules. Thereby, sensitive species reacting or being formed
at the one electrode, are protected from the counter electrode
itself and the majority of thus-formed by-products. The undivided
cell setup comes in general at a lower price and is easily
constructed from almost any reaction vessel in a synthetic lab.

Whereas the reaction between a chemical oxidant (or
reductant)®' and a substrate is usually a homogeneous process
between two dissolved species, the electrooxidation of a sub-
strate is always occurring at an electrode surface in a hetero-
geneous surface process. This leads to a series of effects, which
result in an overpotential for the respective redox event.
The overpotential is the difference between the equilibrium
redox potential (the potential difference versus the SHE without

-/

Fig. 4 (a) Undivided and (b) divided (H-type) electrochemical cell.

This journal is © The Royal Society of Chemistry 2020
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current flow) of the species to be oxidized and the actual
potential at the electrode, at which the redox event takes place.

The kinetic barrier for the actual electron transfer step from
the substrate to the electrode will be different from the barrier
observed between two dissolved species. Depending on the
electrode material and its interaction with the substrate species,
an activation overpotential is observed.

The polarization of the electrode leads to the formation of
an electrochemical double layer. At a positively charged anode
anionic species will accumulate to achieve microscopic charge
compensation. In order to react at the electrode surface, any
species has to diffuse through the double layer, potentially
rearrange its solvation and after the reaction diffuse back into
the bulk solution. In addition, further chemical reaction steps
prior to or after the electron transfer may have to be taken into
account. All these subsequent steps determine the concen-
tration of the active substrate species at the electrode surface
and thereby lead to a concentration overpotential. The activation
overpotential and concentration overpotential both increase with
the current density at the electrode.

The resistance of the cell components - especially the
electrode—-electrolyte junctions - and of the electrolyte itself
(Ohmic drop or IR drop) have to be taken into account likewise.
The resistance can increase drastically, if a precipitate or gas
bubbles form at the electrode and thereby decrease the active
electrode surface.

However, in certain cases, the overpotential can also be
exploited for the tailoring the reactions. For instance, platinum
metal is characterized by a very low overpotential for the
formation of hydrogen gas by proton reduction. Therefore,
using a platinum cathode is effective in promoting hydrogen
formation and suppressing other possibly undesired cathodic
reductions. The use of platinum as the electrode material,
albeit costly, takes a little toll on the resource economy as the
electrode is reusable. However, nickel and iron both show low
overpotentials for hydrogen formation as well and may be more
resource economic alternatives, where possible.

A high overpotential can also be circumvented by using a
mediator for indirect electrolysis of the substrate (Fig. 5). In direct
electrolysis, the substrate is oxidized at the electrode surface.

a) b)
indirect
electrooxidation

direct
electrooxidation

d
anode [T™]™® anode [TM]red
2e ) 2e
[TM]> [TM]>

Fig. 5 Direct and indirect (mediated) electrolysis.
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An indirect electrolysis®® is characterized by the substrate being
oxidized by a second dissolved species, which in turn is oxidized
at the anodic surface. The redox mediator, which is usually
employed in catalytic amounts, acts as an electron shuttle
between the electrode and the substrate. This strategy may allow
more selective transformations if the overpotential needed for
direct electrolysis of the substrate is significantly higher than that
for the oxidation of the redox mediator. In terms of resource
economy, the use of a redox mediator is in principle unfavorable,
as it decreases the atom economy. However, potential benefits like
the decreased formation of side products and less energy con-
sumption have to be carefully considered in the individual case.

4. Case studies of resource
economical metallaelectrocatalysis
4.1 Case study I: oxidative difunctionalization of alkenes

Transition metal catalysis has the power to improve the control
of the reaction chemo-selectivity and thus can expand reaction
scope and synthetic utility. In this context, metallaelectrocata-
lysis provides an innovative platform to realize the oxidative
difunctionalization of alkenes in a sustainable fashion.®® The
electrochemical approach offers an alternative approach to
perform radical alkene functionalization in the absence of
hazardous or expensive chemical oxidants.®*”*

Although a few examples have been known since the 1990’s
for electrochemical organometallic difunctionalization of ole-
fins, such as epoxidations by manganese salen complexes,”””
and dihydroxylations using osmium catalysts,”®”” this area of
research has gained significant momentum by the exciting
work involving manganese-catalyzed diazidation of alkenes 1
as reported by Lin and coworkers in 2017 (Scheme 1).”®
Supported by mechanistic studies, a Mn(u)/Mn(m) redox cycle
has been proposed for this electrochemical radical alkene
difunctionalization (Scheme 1b). The mechanism involves the
formation of a [Mn(u)]-N; coordination compound, which is
oxidized to [Mn(m)]-N; and then transfers *N; to the alkene,
regenerating the [Mn(u)] species. In a second analogous
sequence the product 2 is generated. The reaction proved
compatible with terminal, 1,1- and 1,2-disubstituted, trisubsti-
tuted, and tetrasubstituted olefins to provide the desired
1,2-diazides 2 in high yields. The mild electrocatalytic reaction
conditions offered high chemoselectivity and various syntheti-
cally meaningful functional groups, such as ester, alcohol,
ketone, carboxylic acid, and amine, on the alkene moiety were
well tolerated (Scheme 1c). The resource economy of the
reaction is substantiated by the Earth-abundant manganese
catalyst, a high faradaic efficiency (66-87%), high atom economy,
and hydrogen and sodium acetate as benign by-products. In a
related study, the authors also accomplished the dichlorination of
alkenes 1 with MgCl, as the chlorine source under mild reaction
conditions.”® It is worth mentioning that the diazidation of
alkenes 1 has subsequently also been realized under transition
metal free reaction conditions using aminoxyl radical catalyst,
CHAMPO.*
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Scheme 1 Manganese-catalyzed electrochemical diazidation of alkenes 1.
RVC: reticulated vitreous carbon.

The versatile metallaelectrocatalysis was further applied to
the heterodifunctionalization of alkenes 1 (Scheme 2).5' Thus,
the manganese-catalyzed electrochemical reaction conditions
enabled the synthetically valuable chlorotrifluoromethylation
of alkenes 1 using commercially available bench-stable MgCl,,
and CF;SO,Na (Langlois reagent) as the Cl and CF; source,
respectively. The proposed catalytic cycle involves the anodic
generation of the *CF; radical and [Mn(m)]-Cl (Scheme 2b).
Subsequently, the *CF; attacks the alkene to generate a tran-
sient carbon-centered radical species 5, which is trapped within
a radical coupling with [Mn(u)]-Cl to provide the desired
chlorotrifluoromethylation product 4. The electrocatalytic con-
ditions conveniently transformed diversely substituted alkenyl
substrates 1 into the desired products 4 at ambient reaction
temperature (Scheme 2c). Interestingly, the difunctionalization
of 1,6-enyne substrates 6 afforded chlorotrifluoromethylated
pyrrolidines under only slightly modified reaction conditions.®*
Here, the presence of the bidentate ligand 2,2’-bipyridine (bpy)
significantly enhanced the stereo control of the alkenyl group
in the pyrrolidine products 7 (Scheme 3).

Most recently, the Lin group has further showcased the
application of anodically coupled heterodifunctionalization to
the chloroalkylation of alkenes 1 (Scheme 4).** The protocol
allowed for the simultaneous construction of vicinal C-C and
C-Cl bonds under mild conditions in the presence of catalytic

This journal is © The Royal Society of Chemistry 2020
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Scheme 3 Electrocatalytic synthesis of chlorotrifluoromethylated pyrro-
lidines 7.

amounts of Mn(OTf),. Here, malononitriles 8 and cyano-
acetates were employed as alkyl substrates and NaCl as the
chlorine source. A plausible catalytic cycle was proposed to
involve a parallel, manganaelectro-catalyzed generation of alkyl
and chlorine radicals followed by selective addition to olefins
(Scheme 4b).

4.2 Case study II: cross-coupling reactions

During the past decades, palladium-catalyzed cross-couplings
have emerged as promising and widely used reactions to forge
C-C and C-heteroatom bonds in drug molecules and func-
tional materials.®*®” Particularly, C-N forming reactions are
often required in API syntheses.***° In view of the high cost
and low natural occurrence of palladium, significant efforts
have been devoted to enable these cross-coupling reactions
using Earth-abundant nickel catalysts. However, these methods
often demand drastic reaction conditions, including high
reaction temperatures, strong bases, and air-sensitive nickel(0)

This journal is © The Royal Society of Chemistry 2020
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Scheme 4 Manganese-catalyzed chloroalkylation of alkenes 1.

pre-catalysts,”’°

modifications.”®

In this context, the Baran group recently reported an effec-
tive method to construct C-N bonds by cross-coupling of aryl
bromides 12 with alkyl amines 13 under electrochemical
nickel®” catalysis (Scheme 5).°® The reaction was performed
in an undivided cell in the presence of catalytic amounts of
air-stable nickel complex NiBr,-glyme and di-tBubpy as the
ligand. A variety of (hetero)aryl bromides 12 were efficiently
transformed into the corresponding (hetero)arylamines 14 in

which limits their application to late-stage

T
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o©/\o
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Scheme 5 Electrochemical nickel-catalyzed amination of aryl bromides
12.
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high yields. Sensitive functional groups, including cyano, ester,
hydroxyl, amide and sulfonamide, were thereby well tolerated.

In subsequent efforts, the same group further expanded the
scope of viable amines to include amino acid esters 15 and
small oligopeptides under slightly adjusted reaction conditions
(Scheme 6a).°° The application of the nickel-catalyzed electro-
chemical C-H amination protocol was successfully employed
as a key step in the total synthesis of Teleocidins B-1-B-4
(Scheme 6b)."® 1t is worth mentioning that the cross-coupling
of aryl bromides with primary alcohols also proved viable under
the electrochemical nickel catalysis.”

Based on detailed experimental and computational mecha-
nistic investigations, a plausible catalytic cycle was proposed
for the nickel-catalyzed electrochemical amination of aryl
halides 12 (Scheme 7).°° It was thus suggested to initiate by
cathodic reduction of a dynamically ligated nickel(n) pre-catalyst
to generate nickel(1) species 17. Then, the rapid oxidative addition
of aryl halide 12 to 17 results in the formation of nickel(ur)
intermediate 18, which undergoes a second cathodic reduction
to form a stable nickel(u) species 19. Coordination of the amine 13
to 19 followed by rate-limiting deprotonation provides intermediate
20. The anodic oxidation of 20 to nickel(m) complex 21, followed by
rapid reductive elimination furnishes the desired product 14 and
regenerates the catalytically active nickel(1) species 17.

The versatility of the electrochemical nickel catalysis in cross-
coupling was recently showacsed by Leonél and coworkers.'""
The authors devised mild electro-assisted nickel catalysis for
the synthesis of (hetero)arylphosphonates 23 from (hetero)aryl

a)

o
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R
NH,CI
12 15

RVC

N:(bpy)sBrz (10 mol %)
T DBU, nBuNBr
DMA, 1t, 3 h
undivided cell

o@ﬁ

H
/©/N\/002Me /©/N \[COZMe COo,Me
FsC FsC Ph \Q
54% 53% 59%
(85% ee) (78% ee)
b)
) Me Me
RVC Ni
Br OMe
Me O Ni(bpy)3Br, (10 mol %) HN
AN . L (75 mol %) 1)
N Me OMe DBU, LiBr N
Ne NH,CI DMA, 1,7 h
undivided cell N
____________________ . Ac
12a 15a : Me H 16a:51%

H‘

(-)-teleocidin B-1

Scheme 6 Nickel-catalyzed electrochemical N-arylation of amino acid
esters 15.

4262 | Chem. Soc. Rev., 2020, 49, 4254-4272

View Article Online

Review Article

cathodlc reduction

Ar—NR'R? Ar—Br
14 >/ N

SNow Ar
N_m_ Ar CONi
h N 1 "Br
N “NR'R? N Br
Br th 18
~ minor pathway
21 e -
HNR'R? cathodic reduction
N Ar
N|
AN A \N’ N
' Ni
S NRIR? 19
20 HNR'R? 13
H-base +
+Br- base

Scheme 7 Proposed mechanism for the electrochemical amination.

a) Fe/Ni rﬁ Ni foam
NiBra(bpy) (10 mol %)
Br ﬁ
O—@l + H—P(OMe),

1,2-dibromoethane (7.5 mol %)
n-Bu,Br (50 mol %)

i
O@ P(OMe),

Ets;N, MeCN
RT,2-4h
undivided cell
12 22 23
b) INi')
i
Ar— P(OMe)z
0
)/ IN] \( Ar—Br
Il
Ar—[Ni"1— P OMe Ar—[Ni'|-Br
30 OMe 2
I "
M Ar [N|]
Ar—[Nl]—-IT—OMe

o]
/ i
HNEt ~P N

3 Ar—| [N||] F’—OMe MeO MeO }\_{ OMe

NEt, OMe 22
<)
F-(OMe)2 P(OMe)z EtO,C P(OMe)z P(OMe)2
MeO Me,N S
86% 75% 91% 68%

Scheme 8 Electrochemical nickel-catalyzed C—P couplings.

bromides 12 and dimethyl phosphite 22 (Scheme 8). However, the
catalytic cycle was proposed to involve the in situ generation of
catalytically active nickel(0) species 24.

The reactivity of nickelaelectrocatalysis is not limited to
C-N, C-0O, and C-P bond formation. Indeed, the cross-coupling
of thiols 32 with aryl iodides 31 was recently disclosed by Wang
(Scheme 9).'°> The nickel-catalyzed C-S bond formation was

This journal is © The Royal Society of Chemistry 2020
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Scheme 9 Nickel-catalyzed electrochemical C-S formation.

realized at an ambient reaction temperature in presence of the air-
stable nickel(u) pre-catalyst, NiCl,-glyme. Both aryl- and alkyl thiols
32 were effectively converted under the reaction conditions to offer
the desired thioethers 33 in excellent yields. Based on mechanistic
findings, the catalytic mode of action was proposed to involve
reductive elimination at the nickel(m) intermediate 36 (Scheme 9).'%>

4.3 Case study III: C-H activation

The merger of C-H activation and electrochemistry set the stage
to establish new reactivities with high levels of resource economy.
Despite indisputable advances, electrocatalytic organometallic
C-H activations were thus far limited to precious palladium
catalysts'® and N-coordination as evidenced by Jutand,'*
Kakiuchi'® ™" and Mei,"”® """ among others.”>'**""*™1> very
recently, electrochemical organometallic C-H activation reactions
employing rhodium(m),"**™*® iridium(u),"*"*** and less expensive
ruthenium()*****” complexes have been accomplished by
Ackermann and others. Hence, cost-intensive precious transition
metals have until very recently proven mandatory. In contrast, we
illustrate the huge potential of merging 3d metal catalysts with
electrochemistry to achieve unprecedented reactivities in C-H
activation reactions towards full resource economy.>*'>®

4.3.1 Cobaltaelectro-catalyzed C-H activation. In 2017, the
Ackermann group reported the merger of cobalt-catalyzed C-H
activation and electro-reoxidation of the cobalt catalyst as the
key step of the catalytic cycle.>® This proof of concept study
realized the direct C-H oxygenation of aryl and alkenyl amides
38 with inexpensive and Earth-abundant Co(OAc),-4H,0
as the catalyst (Scheme 10). The key features of the method
concerning resource economy include, (i) Earth-abundant 3d

This journal is © The Royal Society of Chemistry 2020
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Scheme 10 C-H oxygenation via electrochemical cobalt catalysis.

metal catalyst, (ii) cost-effective commercial cobalt salt being
devoid of the costly Cp*-ancillary ligand,"****° (iii) no
stoichiometric, hazardous metal oxidants, (iv) ambient reaction
temperature of 23 °C, and (v) benign H, as the sole by-product.
Notably, the cobaltaelectro-catalyzed C-H oxygenation was also
feasible in bio-based y-valerolactone (GVL) as the solvent,'*"*?
which further substantiated the green nature of the C-H activa-
tion protocol.’** Based on detailed experimental studies and fully
characterized cyclometalated intermediates of cobaltaelectro-
catalyzed C-H activation, Ackermann proposed a plausible
reaction pathway to involve a Co(m)/Co(1v)/Co(u) manifold."**
(Scheme 11). The N,O-bidentate chelation-assisted ortho-C-H
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Scheme 11 Proposed catalytic cycle for the cobaltaelectro-catalyzed
C—H oxygenation.
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activation to form cobalt(m) intermediate 41 followed oxidation
induced C-O bond forming reductive elimination from cobalt(v)
species 42 resulted the desired product 40 and the cobalt(i)
complex 43. The cobalt(u) species 44 is reoxidized to the active
cobalt(mm) species 41 by anodic oxidation. The detailed cyclo-
voltammetric studies unraveled the formation of a cobalt(m) and
cobalt(iv) species by anodic oxidations. Thus, the oxidation
potential of 1.19 Vgcg was determined for the oxidation of
cobalt(u) to cobalt(ur) from the mixture of Co(OAc),, and NaOPiv
in MeOH, whereas the oxidation potential of cobalt(ur) complex 41
was found to be E,. = 0.95 Vsce.'>" The oxidation potential
of substrate 38a was found to be significantly higher (1.51 Vgcg)
than that of cobalt(u)/cobalt(u) or cobalt(u)/cobalt(iv) redox
potentials.>*

The cobaltaelectro-catalyzed C-H activation was not limited
to C-O bond forming reactions. Thus, Ackermann established
an intermolecular C-H amination protocol under mild reaction
conditions (Scheme 12)."*> A variety of benzamides 38 bearing
pyridine N-oxide (PyO) substituents were efficiently ortho-
aminated with secondary amines 13 to afford the desired
products 45 in good yields, while liberating H, as the sole
by-product. The formation of H, was unambiguously confirmed
by headspace gas chromatography (GC), and could be utilized
for future hydrogen evolution reaction strategies (HER).
A related C-H amination of amides also proved viable using
8-aminoquinoline (AQ) as the bidentate directing group, as was
reported by Lei."*® Here, the cobalt catalyst showed better
efficacy in a divided cell using MeCN as reaction medium at
65 °C.

The versatile electrochemical cobalt catalysis was further-
applied to the synthesis of biologically relevant isoquinolones
47 and pyridones 48 from aromatic and vinylic amides 38,
respectively (Scheme 13)."*” The reaction occurred at ambient
temperature in a water-based solvent mixture and displayed
ample substrate scope with high yields. The robust cobalt-
electrocatalysis manifold for C-H/N-H activation was also
achieved in biomass-derived glycerol as reaction medium.'?®
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Scheme 12 Scope of cobaltaelectro-catalyzed C—H amination.
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Scheme 13 Cobalt-catalyzed electrooxidative annulation reaction by
amides 38 and alkenes 46.

Remarkably, the resource economy of the transformation was
substantiated by the direct use of renewable solar and wind
energy.

Supported by competition experiments, KIE determination,
and CV studies, a plausible reaction mechanism was proposed
as shown in Scheme 14."*” The anodically generated active
cobalt(i) species 49 undergoes C-H cyclometallation to provide
key intermediate 50. Then, alkyne insertion into the C-Co bond
followed by C-N bond forming reductive elimination delivers
the desired product 47 and cobalt(1) species 52. The electro-
chemical oxidation of 52 regenerates the active cobalt(m)
species 49 and completes the catalytic cycle.

The cobalt-catalyzed electrochemical C-H/N-H annulation
regime was until recently restricted to terminal alkynes 46.
In this context, the Ackermann group recently devised a proto-
col for the cobalt-catalyzed electrochemical C-H/N-H activation
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Scheme 14 Plausible catalytic cycle for the cobaltaelectro-catalyzed
C—-H/N-H annulation with terminal alkynes 46.
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of pyridylbenzhydrazides 53 with internal alkynes 54 to access
diversely substituted isoquinolones 55 (Scheme 15)."*° In the
presence of catalytic amounts of Co(OAc),, a variety of internal
alkynes 54 efficiently underwent [4+2] annulation with pyridyl-
benzhydrazides 53 at 23 °C. The unsymmetrically substituted
internal alkynes 54 offered the desired products 55 with high
levels of regioselectivity. Further, for the first time, the electro-
catalytic removal of the directing group was realized through
samarium-catalyzed cathodic reduction (Scheme 16)."*°

Next, the potency of cobaltaelectro-catalyzed C-H/N-H annu-
lation was probed to include allenes™**'*° (Scheme 17).">° The
reaction was performed in a user-friendly undivided cell setup at
40 °C. The versatile cobalt catalysis transformed diversely sub-
stituted allenes 57 into the desired isoquinolones 58 in high
yields. Notably, more challenging internal allenes 57 also proved
viable substrates to deliver the corresponding exo-methylene
isoquinolones 58. Based on the detailed experimental and
computational mechanistic investigations, a plausible catalytic
was proposed as shown in Scheme 18. Anodically generated
active cobalt(m) species 59 undergoes chelation assisted C-H
cobaltation to give intermediate 60. Allene precoordination
followed by regioselective migratory insertion results in the
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Scheme 16 Electroreductive removal of the directing group.
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Scheme 18 Catalytic cycle for C-H/N-H activation with allenes XX.

seven-membered intermediate 61. The exo-methylene isoquino-
lones 63 are generated upon reductive elimination. The catalyti-
cally active cobalt(m) species 59 is regenerated by anodic
oxidation of cobalt(i) species 62.
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The electrochemical cobalt-catalyzed C-H/N-H activation
was further extended to a [4+1] annulation of benzhydrazides
53 with isocyanides 64 (Scheme 19).">' Besides, the authors
demonstrated the synthesis of phthalimide derivatives 66 via
annulation of CO (1 atm) by benzhydrazides 53 at 23 °C in a
user-friendly undivided cell (Scheme 20).">" This approach was
also realized by the group of Lei, albeit with 8-aminoquinoline
as the directing group.**>

4.3.2 Copper-catalyzed electrochemical C-H activation.
Recently, Mei and coworkers successfully highlighted the
efficacy of copper catalysis">"** in electrochemical C-H
functionalizations (Scheme 21)."* Here, catalytic amounts of
Cu(OTf), enabled the ortho-selective C-H amination of aryl
amines 67 bearing the picolinamide (PA) directing group. The
presence of n-BuyNI as the redox mediator was identified to
be crucial for the amination protocol. Notably, the reaction
could be performed in an undivided cell at 27 °C, without any
electrodeposition of copper via cathodic reduction. A wide
range of n-arylpicolinamides 67 was transformed into ortho-
di-aminoarenes 68. The detailed experimental studies suggested
a single electron transfer (SET) mechanism to be operative in this
reaction (Scheme 21).

In a subsequent report, Nicholls demonstrated a copper-
catalyzed electrochemical C-H amination of benzamides 75
bearing a 8-AQ directing group.’*® The synthetic utility of the
reaction was well explored for a series of amines containing
active pharmaceutical ingredients (APIs) (Scheme 22).

The cupraelectro catalysis was not limited to C-H amina-
tions. Indeed, the Ackermann group disclosed a first example
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Scheme 21 Electrochemical copper-catalyzed C—H amination.
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Scheme 22 Cupraelectro-catalyzed C—H amination with APl molecules.

of cupraelectro-catalyzed alkyne annulation reaction with elec-
tricity as the terminal oxidant."®” The transformation provided
access to biologically relevant isoindolones 78 from benzamides
75 and terminal alkynes 46 via C-H/N-H functionalizations
(Scheme 23). The robust cupraelectro-catalysis also proved applic-
able to alkynyl carboxylic acids 77 to give the desired products 78
in good yields through decarboxylative C-H/C-C cleavage.
Remarkably, the cupraelectro annulation contrasts with related
cobaltaelectro annulations (vide infra, Schemes 13 and 15)
for isoquinolones 47/55,"*7"%° delivered the five-membered
isoindolones 78. The detailed mechanistic studies including

This journal is © The Royal Society of Chemistry 2020
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competition experiments, KIE by in operando React-IR sup-
ported the C-H alkynylation mechanism via facile C-H scission
(Scheme 24). The CV studies revealed an oxidation potential of
0.95 V¢ for the oxidation of copper(n) to copper(ir) from the
mixture of the copper(u) catalyst and substrate 67 in DMA.
The reoxidation of the copper(i) species to copper(u) readily
occurred at 0.05 Vgcg as observed in CV data.'®” The formation
of molecular hydrogen as the sole byproduct was confirmed.
4.3.3 Nickellaelectro-catalyzed C-H activation. In consi-
deration of its Earth-abundance and economical reliability,
nickel is often considered to be an alternative to expensive
palladium catalysts. In this context, over the past few decades, a
significant number of C-H activations have been realized employ-
ing nickel catalysis.** Despite this indisputable progress, electro-
chemical C-H activation with nickel catalysts remained elusive.
Very recently, the Ackermann group reported the first exam-
ple of organometallic C-H activation for C-N formation by
nickellaelectrocatalysis."”® Thus, the ortho-selective C-H ami-
nation of amides 75 with a variety of secondary amines 13 was

This journal is © The Royal Society of Chemistry 2020

View Article Online

Chem Soc Rev

a)
o GF Ni foam o
Q H .Q
H’ 4 Ni(DME)CI, (10 mol %) N
+ — NIOMEYCH (10mol )
@ NaOPiv, n-BuyNBF4
H O/ DMA, 120 °C, 10 h n—0O

undivided cell <]>

75 13 76
b) o
.Q
N
H H
o |
N
N O O
) | 13
Ni' —N &
C-H cleavage

HOPiv

o
Y |
,}"u_N =,
N
|

C—N formation H 1
OPiv
86
NaOPlv

89
NaOPiv
anodlc oxidation
o
N | HOPiv
,;‘il\l —Na
oo
c) [e]

Y OO O

7% 61% 2% 80%

o o o o
@ FiC QR ° W °
it H it it
Me
N N N/\" MeO,C NMe
i @
Ph Y

Ot-Bu Me Ph
75% 61% 78% 56%
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achieved using the commercially available nickel salt Ni(DME)CL,
(Scheme 25). The CV studies performed with a mixture of
Ni(DME)CL,, NaOPiv and substrate 75 in DMA showed a redox
potential of 0.26 V vs. Fc'/Fc for the nickel(u)/nickel(m) event.
Furthermore, the measurements after preheating at 120 °C for
30 min gave an oxidation wave at E, = 0.49 V vs. Fc'°, which is
indicative of a nickel(wv) species. Based on these CV data and other
kinetic studies, the authors proposed a plausible reaction pathway
to involve a Ni(m)/Ni(v)/Ni(n) manifold (Scheme 25b)."*®

C-O forming transformations are of utmost importance for
the synthesis of bioactive compounds, pharmaceuticals and
functional materials.'”™*®* In this context, the Ackermann
group very recently devised a resource-economical nickellaelectro-
catalysis strategy for the oxidative C-H alkoxylations with
challenging secondary alcohols 91 with H, as the only stoichio-
metric byproduct in lieu of stoichiometric chemical oxidants
(Scheme 26)."* The reaction was conveniently achieved using
inexpensive and bench-stable nickel salt Ni(DME)Cl, as the
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catalyst under economically robust undivided electrochemical
cell setup. The versatile nickellaelectro-catalytic reaction con-
ditions compatible with a wide variety of secondary alcohols
including alicyclic, cyclic, benzylic and heterocyclic alcohols to
give the desired alkoxylation products in excellent yields.
Notably, the naturally-occurring alcohols menthol, cholesterol
and B-estradiol were found to be compatible without racemiza-
tion at the stereogenic centers.

4.3.4 Ferraelectro-catalyzed C-H activation. During the last
decade, iron catalysts have been considered as an outstanding
approach for sustainable molecular syntheses via C-H activa-
tion, because of its natural Earth-abundance, low toxicity and
cost-effective nature.>*'®*'®> Despite indisputable advances,
the iron-catalyzed oxidative C-H transformation reactions
strongly relied on superstoichiometric amounts of expensive
1,2-dichloroisobutane (DCIB) as the sacrificial oxidant. To
overcome this major limitation, the Ackermann group disclosed
the unprecedented ferraelectro catalytic approach for oxidative C-H
activation."®® Here, the regioselective ortho C-H arylation of amides
93 was achieved under DCIB-free reaction conditions using
electricity as environmentally-benign oxidant (Scheme 27).
Detailed experimental, spectroscopic, and DFT mechanistic
studies yielded insights into an electrooxidative iron(II/III/I)
manifold.

4.3.5 Manganaelectro-catalyzed C-H activation. The
sustainable electrochemical organometallic C-H activation
was furthermore put into practice in the presence of readily
accessible, inexpensive manganese catalysts. As a proof of

ol B
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Scheme 27 Iron-catalyzed electrochemical C-H arylation.
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concept, Ackermann showcased the potential of the merger of
manganese catalysis with electrocatalysis for the arylation of
unactivated C(sp?)-H bonds."®® Thus, regioselective C3 aryla-
tion of picolinamides 96 was accomplished under mild
manganaelectro-catalysis (Scheme 28).

5. Conclusions

Resource economy in molecular syntheses has gained signifi-
cant momentum in recent years concerning the rising demand
for sustainable strategies for molecular syntheses. The merger
of electrochemistry with Earth-abundant 3d metal catalysis
enabled the construction of challenging C-C and C-heteroatom
bonds for complex organic molecules in a sustainable fashion
under exceedingly mild reaction conditions. The metallaelectro-
catalysis utilizes electro-oxidation/reduction in lieu of reactive
chemical redox reagents, and thereby prevents undesired waste
formation. Particularly, electricity from renewable energy sources,
such as solar and wind power, features unique potential for the
ideal step and redox economy. The potential of sustainable
electrochemical 3d metal catalysis in molecular synthesis is
herein highlighted with three key case studies. Thus, the recent
developments of alkene difunctionalizations by manganese
catalysts under electrochemical conditions set the stage for the
syntheses of synthetically meaningful vicinally difunctionalized
products (Case Study I). Electrochemical nickel-catalyzed cross-
couplings proceeded under ambient reaction conditions to forge
C-N, C-S and C-P bonds (Case Study II). Remarkably, the merger
of 3d metal electrochemistry and C-H activation enabled excel-
lent oxidant economy by using electricity as green oxidant and
generates molecular hydrogen as the sole by-product (Case
Study III). The metallaelectrocatalysis using 3d metal catalysts,
such as cobalt, copper, nickel, iron and manganese, proceeded
under mild reaction conditions with broad substrate scope.
These metallaelectro-catalyzed C-H activations often proceeded
in green reaction media, ensuring the high levels of sustainability.
In sharp contrast to noble metal electrocatalyses,*>107-110,111,167,168
most of the 3d metallaelectro-catalyzed organic syntheses could be
accomplished in an user-friendly, undivided electrochemical cell
setup. Likewise, the electrochemical cross-couplings by nickel
catalyst involving cathodic reduction of the metal catalyst were
conveniently performed in an undivided cell, provided that nickel
electrodes were used (Case Study II). Given the unique features of
3d metallaelectrocatalysis in terms of resource economy, further
advances are expected in this rapidly emerging research area,

This journal is © The Royal Society of Chemistry 2020
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including enantioselective transformations, dual metallaelectro-
catalysis, and electrocatalytic C-C and C-heteroatom activations.
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