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The preparation and applications of amides using
electrosynthesis
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The synthesis of amides is extremely important given the ubiquitous presence of this motif in biological
systems, as well as in the pharmaceutical industry, where it is estimated that amide preparation is the most
common chemical reaction employed. As such, greener routes to this motif have long been a vital research
goal. Amide groups are also synthetically versatile, capable of taking part in a wide range of different trans-
formations, especially when subjected to electrochemical conditions. The current resurgence of electro-
synthesis has led to new and more sustainable syntheses of (and using) amides to be published in recent
times. As such, this tutorial review aims to highlight these reactions. Given the vital importance of amides
and the growing interest in electrosynthesis, the combination of these two topics is an exciting and interest-

rsc.li/greenchem

1. Introduction

It is difficult to overstate the importance of the amide func-
tionality in molecular sciences. Most notably, this motif is the
critical bond that forms the backbone of peptides, proteins
and a wealth of other biomolecules." Medicinally, this group is
also of critical importance, with amide-forming reactions esti-
mated to be the most common reaction carried out in the
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ing field of research that holds a lot of promise in the future of synthetic chemistry.

pharmaceutical industry> and approximately a quarter of all
marketed drugs (and two-thirds of all drug candidates)
contain at least one amide bond.> A consideration of how
amides interact with biological targets (particularly with
respect to N-H pK, and hydrogen bonding) is also a key aspect
of drug discovery. Additionally, inorganic chemists have
exploited amides with associated anisotropy for their pro-
perties in chelation and ligand design and consequently the
amide motif appears in a wealth of coordination complexes for
various applications.>”

With amides being ubiquitous building blocks throughout
the chemical sciences, it is perhaps unsurprising that chemists
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have expended much research effort on developing synthetic
approaches to this important functional group. Conceptually,
the most attractive way of achieving this is by the union of a
carboxylic acid and an amine in a classic condensation reac-
tion involving the expulsion of a molecule of water.® This
transformation has been so elegantly perfected in biological
systems with enzymes being able to achieve this reaction with
ease under the mildest of conditions.® Unfortunately, this see-
mingly simple transformation presents several problems to the
organic chemist hoping to replicate the reaction in vitro. Most
strikingly, the innate acidity of the carboxylic acid and basicity
of the amine nucleophile mean that both species are often in
ionised forms, prohibiting their direct condensation.” A
number of solutions have been developed to address this
issue. The earliest solution involves the formation of an acid
halide which then reacts with an amine nucleophile to form
the desired amide bond.” Acid halides are, however, highly
reactive and consequently incompatible with many of the
other functional groups that may be present, particularly in
biomolecules (not to mention the harsh conditions and
reagents required to prepare them).

Coupling agents have also been developed as a way to
mediate amide synthesis, examples of which are shown
in Fig. 1: N,N'-dicyclohexylcarbodiimide (DCC), 1-ethyl-3-(3'-
dimethylaminopropyl)-carbodiimide hydrochloride (EDC),
N-[(dimethylamino)-1H-1,2,3-triazolo[4,5-b]pyridin-1-ylmethyl-
ene]-N-methylmethanaminium hexafluorophosphate N-oxide
(HATU), 1,1'-carbonyldiimidazole (CDI), (benzotriazol-1-yloxy)-
tris(dimethylamino)-phosphonium hexafluorophosphate (BOP).’

The general mechanism of these reagents is to activate the
carboxylic acid to the nucleophilic amine. The reaction gener-
ally works in high yield, however, without exception these
reagents are stoichiometric in nature and in no way could be
considered ‘atom efficient’ where the waste products (e.g.
ureas and phosphonamides) have high molecular weights
and must be separated from the desired products at the end
of the reactions.”'® Furthermore, these coupling agents can
be hazardous in terms of toxicity and environmental
impact.'"

Recent years have seen a much greater appreciation of the
need to develop green and sustainable processes both in
industrial and academic settings. Consequently, numerous
groups have presented alternative and creative approaches to
amide bond formation including: Lewis acid catalysts, tran-

View Article Online

Green Chemistry

sition metal catalysis and various redox approaches as greener
alternatives."” Furthermore, with the growing wave of interest
in electrosynthesis,"*™* it was perhaps only a matter of time
before the widely acknowledged green and sustainable creden-
tials of electrosynthesis were recognized as a tool for amide
bond synthesis.

Electrochemical methods offer new modes of reactivity and
numerous advantages for the preparation of compounds in a
sustainable and green fashion, such as improved safety creden-
tials from hazardous reagents being generated in situ rather
than handled directly’®!” (or not being required at all). In
addition, there is often no need to add external oxidants, tran-
sition metals or mediators,'® which in turn improves the atom
economy of such processes.”® These key aspects of sustainable
synthesis offered by electrochemistry have been exemplified in
many electrochemical amide syntheses, as will be shown in
this review, and have led to very mild conditions being used to
produce amides when compared to traditional methods. The
same is true for electrochemical syntheses that utilise amide
starting materials for various applications.

The first part of this tutorial review therefore explores the
approaches that have been demonstrated to synthesise amides
using electrochemistry, whilst the second part is dedicated to
the wide-ranging applications of amides in electrosynthesis.
The scope of this review is confined to examples with direct
involvement of the amide group in the reaction rather than
mentioning all electrosyntheses involving substrates that
contain an amide group. For this, extensive reviews of general
electrosynthetic chemistry have previously been published."*™*
Recently, excellent ‘beginner’s guide’-style reviews for synthetic
chemists looking to learn how to carry out reactions electro-
chemically have also been published.'”*® Therefore, this
review focuses exclusively on synthetic procedures used to
produce and utilise amides, rather than provide a discussion
of electrochemical techniques and equipment.

2. Electrosynthesis of amides

2.1. Anodic oxidation of iodide

A very common reaction in electrosynthesis is the oxidation of
halide species to produce halogen radicals or diatomic halo-
gens in situ. This circumvents the need to directly handle
hazardous halogen species and is therefore a prime example

JN/ /
Q —\ \\7/N\ f]\ _PF +'}1Me2
6 - pa—
N=C=N N=C=N  Hcl @NN PRy NN, NP P\N,\N,lzlfz
O oy e e SO
\ o~ N
DcC EDC HATU col BOP

Fig. 1 Showing an array of coupling agents used to make amide bonds.®
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of the improved safety credentials that electrosynthetic proto-
cols offer over standard syntheses. Iodide salts in particular
are often used for this, owing to their significantly lower stan-
dard reduction potential when compared to other halogens
(I, = +0.54 V, Br, = +1.07 V, Cl, = +1.36 V vs. SHE). In other
words, I, is harder to reduce than Br, and Cl,, which means
that I” is easier to oxidise than Br~ and CI™. For the purpose of
electrochemical amide preparation, several synthetic strategies
have been derived from iodide salt oxidation and will be dis-
cussed in this section.

In 2013, Huang and co-workers reported an interesting
example of an iodoform reaction carried out in an undivided
cell on methyl ketones 1 in the presence of formamides 2 to
produce the desired amide products (Scheme 1).*!

It was found that Nal performed best as the iodide source
in this reaction because when iodides with different cations
were used (NH," or "Bu,N'), by-products derived from the
ammonium cation such as benzamide would form. This was
due to the ammonium cations being reduced at the cathode to
produce undesired, competitive amines. A range of aryl methyl
ketone substituents were tolerated using these conditions, as
well as several different formamides. However, it was noted
that particularly sterically hindered examples, such as dibutyl
formamide, afforded much lower yields.*

The mechanism for this reaction was investigated and pro-
posed as in Scheme 2. Anodic oxidation of Nal produces I,
in situ, which allows the methyl ketone starting material 1 to
be transformed into the triiodomethyl ketone species 3.
Meanwhile, at the nickel cathode, the formamide species 2 is
thought to be converted to an amine with the liberation of
carbon monoxide. This amine then reacts with 3 to release
iodoform and yield the desired amide product.**

C|> Graphite / Ni (4.9 mA/cm?)
J osMNal/DMsO  ©

0] -
R);k"' o

R" constantcurrent R~ N
3 4 |
1 | undivided cell R"
(1 mmol) (5 mmol) RT. 6 h

Examples

F/©ﬁ5‘;) 71% OzN/©i:;)
Cl
@* e ot
|
o 71% 4°/ 84%
(0]
O)‘\O ©)k "Bu
5% 64% <5%

Scheme 1 Electrochemical iodoform reaction and scope.?
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Scheme 2 Proposed electrochemical iodoform mechanism.?*

Another example using anodically oxidised iodide and
methyl ketones, this time to produce a-ketoamides 4, was
reported by Zha and Wang.”* In this work, an O, balloon was
used in conjunction with similarly mild reagents in an undi-
vided cell to deliver a range of amides in moderate to good
yields as shown in Scheme 3. A range of amines was
tolerated.”

Furthermore, when ammonium acetate was used in place of
an amine substrate, as in Scheme 4, a-oxophenylacetamide
derivatives 5 could be produced in good yield. In order to
increase the solubility of the ammonium acetate, MeOH was
used as the solvent instead of EtOH, which in turn led to KI
being used as the iodide source. It was also found that a basic
environment was crucial to the success of this reaction and so

o - Pt / Pt (4.4 mA/cm?) -
)J\ . \NH 0.1 M "BuyNI / EtOH \
R™, R"  constant current R)kn/ R

undivided cell o4

(0.5 mmol) (2 mmol)

0, RT,3h
Examples

©*” 4 mog

%

Scheme 3 Electrochemical a-ketoamide synthesis and scope.??
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Scheme 4 Electrochemical a-ketoamide synthesis using ammonium
acetate.??

‘BuNH, was added to modulate this. Interestingly, a strong
electron-donating substituent on the phenyl group (p-OMe)
was found to drastically lower the yield of this reaction, giving
only 5% of the desired product.*

The proposed mechanism for this reaction is shown in
Scheme 5, with the oxidation of iodide being the first step.
Following this, the iodine free radical can react with the
methyl ketone substrate 1 to generate the methyl ketone
radical 6, which readily accepts O, to form 7. The unstable
species 7 then splits apart to form the oxo acetaldehyde 8 and
a hydroxyl radical. The oxo acetaldehyde 8 undergoes nucleo-
philic attack from amine substrates to yield 9. A final oxidation
step of 9 at the anode then produces the desired a-ketoamide
product 4. The hydroxyl radical formed during the split of 7 is
thought to be reduced at the cathode.*

It should also be noted that very recently,> a general
method for electrochemical a-ketoamide 4 synthesis has been

Anode Cathode

Scheme 5 Proposed mechanism for electrochemical o-ketoamide
synthesis.??
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Scheme 6 Electrochemical synthesis of isatins.?*

published which does not require a halide mediator or even an
electrolyte, however, this process starts from o-ketoaldehyde
starting materials rather than methyl ketones.

Later work by Zha and Wang showed how their approach
could be extended to the production of isatins 10, which are
important heterocycle skeletons found in various natural pro-
ducts and pharmaceuticals.>* This work was achieved through
the coupling of 2-aminoacetophenones 11 in an undivided cell
and is shown, with some examples, in Scheme 6. The mecha-
nism for this reaction was proposed to be almost identical to
that shown in Scheme 5.>*

Finally, this group have also shown how iodide oxidation
can be utilised to produce phosphinic amides.*

2.2. Nitrile groups as an amide source

Another strategy for electrochemically preparing amides is the
use of a nitrile group and water. Often this can be achieved
through the use of mixed solvent systems (particularly MeCN/
H,0), making these reactions quite efficient and sustainable.
Variations of this approach will be shown in this section start-
ing with an early example from Becker and co-workers in 1988
who directly oxidised polyfluoroalkyl iodides in the presence
of MeCN.?® This example combines iodo-species oxidation (as
seen in the previous section) with a nitrile group acting as the
amide source. In the example shown in Scheme 7, 12 was iso-
lated in 67% yield when a glassy carbon working electrode
(WE) was used in a divided cell and a potential of +2.3 V (vs. a
Ag wire quasi-reference electrode) was applied.

A more recent example using a similar approach comes
from the Ley group,”” who showed that toluenes could be acti-

This journal is © The Royal Society of Chemistry 2020
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Scheme 7 Electrochemical iodide oxidation and reaction with MeCN.2®

vated using anodic flow oxidation in the presence of MeCN to
effectively yield benzyl amides. This work, shown in Scheme 8,
used a Pt anode and a stainless steel (SS) cathode as electrodes
in a flow system with MeCN and H,O solvents providing the
key amide structure. It was found that the reaction is likely to
proceed via carbocation formation (13) at the anode with the
removal of 2 electrons and the loss of H'. The resulting carbo-
cation 13 then reacts with MeCN and H,O to generate the
desired amide product. It was also found that adding a
Brgnsted acid to the reaction mixture (methanesulfonic acid)
allowed the reaction to be carried out more smoothly and at a
lower voltage. The use of a second stream consisting of NH;/
MeOH proved beneficial as it fully neutralised the acid to miti-
gate decomposition of the amide products. The reaction
taking place at the cathode was proposed to be the reduction
of H" when "Bu,NPF; was used as electrolyte and the
reduction of Li* when LiBF, was used. These conditions were
tolerated by a range of functional groups to give reasonably
good yields.””

There are also examples of amide bonds being formed from
nitrile groups other than in MeCN, such as the work of Estrada
and Rieker from 1994,%%%° which showed how 2-nitrobenzoni-
trile 14 could be converted into quinazolinones 15 in the pres-
ence of various alcohols. This reaction employed a mercury
pool cathode and a carbon anode in an undivided cell and is
shown in Scheme 9.

The use of mercury as an electrode material is rather unde-
sirable from a sustainability standpoint and whilst the yields
for this reaction were fairly low, the proposed mechanism is

Flow reactor: Pt/ SS (2.5 F)

"Bu,NPFg (10 mol%) / MeCN R Ao

(i) Flow rate: 0.5 mL/min
H,0 (0.1 M)

H3CSO3H (0.1 M)
(ii) (0.7 M) NH; / MeOH

R
(0.1 M)

R Examples
via @J R =4-Bu, 63% R =3-COMe, 61%
13 R =4-CN, 58% R =4-Br, 53%

Scheme 8 Anodic flow oxidation in the presence of MeCN and H,O to
produce amides.?”

This journal is © The Royal Society of Chemistry 2020
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Scheme 9 Electrochemical quinazolinone synthesis and scope.2%2°

Anode Cathode

Scheme 10 Proposed mechanism for electrochemical quinazolinone
synthesis.282°

quite intricate and so is shown in Scheme 10. Alcohol solvents
were oxidised to aldehydes 16 at the anode. At the same time,
the nitro group of 14 was reduced to a hydroxylamine 17,
allowing 16 and 17 to react together through a series of de-
hydration and cycloaddition steps to eventually form the
desired quinazolinone product 15.>%%°

2.3. Rearrangement reactions

Rearrangement reactions have also been utilised to produce
amides electrochemically. One such example was reported by
Liu and co-workers,*® who used the oxidation of an iodide salt
to initiate a Favorskii rearrangement of 1,3-diarylacetones 18
in an undivided cell. This reaction, shown in Scheme 11, was
found to be catalysed best by "Bu,NI and when other halide
salts such as "Bu,NCI were used, the reaction was much lower
yielding. A range of substituents were tested in this work,
including symmetric and non-symmetric ketones, as well as
different amines. Most examples tested gave moderate to good
yields, however, some exceptions include dibenzyl ketones
bearing electron-donating substituents (such as OMe), as these

Green Chem., 2020, 22, 7737-7759 | 7741
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Scheme 11 Electrochemical Favorskii rearrangement.*°

did not undergo the desired Favorskii rearrangement (though
did still produce amide products).*®

The mechanism for this reaction is shown in Scheme 12,
starting with iodide oxidation to produce I,, which reacts with
18 to form an a-iodoketone 19. Reaction of 19 with an amine
to produce enamine 20 then follows, which allows the cyclo-

Anode
| H NRIIRIII

o

R S R’
20 (N RllRlll

R R
N RN

= ‘% +NR"R"™ R
N -
R'
2

2 +NRIIRIII

Rll

H,0

Scheme 12 Proposed mechanism for an electrochemical Favorskii

rearrangement.*°
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propanone intermediate 21 to form. Attack of 21 with another
molecule of amine opens the cyclopropanone up and leads to
the carbanion 22, before hydrolysis produces the final, desired
product. The reaction taking place at the cathode was pro-
posed to be the reduction of H ions.*®

Other electrochemically-induced Favorskii rearrangements
to produce amides have been reported, including the work of
Inesi and co-workers,® who reduced polyhaloketone sub-
strates to elicit the desired reaction.

Another important rearrangement that has been utilised for
electrochemical amide synthesis is the Smiles rearrangement.
In 2019, Chang and co-workers developed a base-free, radical
variant of this reaction, generating amidyl radicals through the
reduction of electron-deficient arenes in an undivided cell.**
Di-nitro arenes 23 proved to be the most effective starting
materials to use as they required comparatively low reduction
potentials. The conditions for this reaction are shown in
Scheme 13.%?

The scope of this reaction was quite broad, with even an
estrone substituent being tolerated, and the reaction was poss-
ible on gram scale. The mechanism for this reaction is shown
in Scheme 14, where 23 is first reduced to 24, prompting N-O
bond fragmentation to produce the amidyl radical 25. This
then allows the Smiles rearrangement to take place, forming
the O-centred radical intermediate 26. Reduction at the
cathode and protonation of 26 then yields the final product.
The reaction taking place at the anode was thought to be the
oxidation of Cl™ ions to Cl,.*?

Other types of rearrangements that have been carried out
electrochemically to produce amides include the Beckmann
rearrangement, as reported by Tang and co-workers,” and the
Mumm rearrangement, as reported by Zhang and co-
workers.**

@\ R" Pt /Pt (10 mAem?) & H
0.25 M NH,CI / DMSO

constant current R ’\|l
undivided cell R R
O,N NOZ 50°C,3h
(0.2 mmol)
Examples

O OH
- J\@
O OH
N
ol 1)

\

O OH
50% ﬁ@

S
t32

Scheme 13 Electrochemical Smiles rearrangement.
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Scheme 14 Plausible mechanism for electrochemical Smiles
rearrangement.>?
2.4. Other anodic oxidations

As seen in Schemes 13 and 14, the di-nitrobenzene motif has
been used in cathodic reduction reactions to yield amides,
however, it has also been used in oxidative processes such as
the Nucleophilic Aromatic Substitution of Hydrogen (NASH)
reaction seen in Scheme 15.%° This process, demonstrated by
Gallardo and co-workers, makes use of anodic oxidation to
release H' from the aromatic ring after nucleophilic attack,
producing the desired product. This method proved reason-
ably effective for yielding a range of anilines when amines
were used as the nucleophile, as well as the amide 27 shown in
Scheme 15 when acetamide was used. The authors noted that
careful control of the oxidative potentials applied was key to
the success of this reaction.*®

Another example of an interesting anodic oxidation
approach comes from Tang and co-workers,*® who used pot-
assium thioacetate or thiocarboxylic acids to produce a range
of amide products in an undivided cell. The use of thioacids

H Graphite WE (+0.7 Vvs SCE) &
* Nk constant potential NO,
2 BUOK (0.2 mmol) 55%
NO. °
2 Ny, 13 °C ”
(0.1 mmol) (0.5 mmol) NO,
(@]
via HN/K e~ \fo
- H H*
OsF
N7 NO, O,N NO,
-0

Scheme 15 Electrochemical
hydrogen reaction.*®

nucleophilic aromatic substitution of

This journal is © The Royal Society of Chemistry 2020

View Article Online

Tutorial Review

as acyl sources often allows for mild conditions to be
employed when synthesising amides and this is well evidenced
in the electrochemical protocol shown in Scheme 16. The
authors found that direct oxidation of thioacetic acid was
quite low yielding, so the deprotonated potassium salt was
used instead. It was also found that this problem could be cir-
cumvented by adding Et;N along with various thioacetic acids
to ensure better yields. A range of substituents were tolerated
using these conditions, however it should be noted that elec-
tron-rich amines performed better than electron-deficient.*®

It is believed that this reaction proceeds via oxidation of 28
to give a radical 29, which then dimerises to give the disulfide
30 as shown in Scheme 17. Nucleophilic attack by an amine

o R' Pt / Pt (1 mA/cm?) o
4 n
R)J\SK + HN_ 0.1 M "BusNBF, /EtOAc || p.
R constant current R N
(1 mmol) (0.5 mmol) undivided cell R
RT, 24 h
Examples
O\ /©/ /©/ F
H 97% 99% H 88%
20 “@ AL
N 0,
| 64% agtl 97%
CJ R used
= usel
R "SH
and EtsN (1 mmol)
H 95% 92.,/ added to standard
conditions
Scheme 16 Electrochemical amide synthesis from thiocarboxylic

acids.>®

Scheme 17 Proposed mechanism for electrochemical amide synthesis
from thiocarboxylic acids.>®
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then leads to the amide product. The proposed reaction taking
place at the cathode was the reduction of H'.*®

Examples of nitroxyl radical mediators being used in elec-
trosynthesis to promote oxidation of N-methylanilines 31 has
also been demonstrated as a viable method of amide syn-
thesis. Kashiwagi and Anzai®” used an analogue of (2,2,6,6-
tetramethylpiperidin-1-ylJoxyl (TEMPO) 32a (Scheme 18) in
various oxidation states to produce N-alkylformanilides 33 by
incorporating oxygen atoms into 31 from H,O in a divided cell.
This was achieved using a controlled oxidative potential and
fairly mild conditions.***”

The mechanism postulated by Kashiwagi and Anzai for this
reaction is shown in Scheme 19. It starts with the oxidation of
the mediator 32a to 32b at the anode, which then reacts with
the N-methylaniline 31 to produce the intermediate 34. This

PhOCO Graphite WE (+0.8 V vs Ag/AgCl)
'Yle 0.1 M NaClO4/ MeCN H 0
Ph/N\R i N constant potential \f
31 - () divided cell Ph” "R
a 2.6 lutidine (4 mmol) 33
1 mmol o !
( ) (10mol%) 5 (1.5 mmol), RT
Examples
H.__O H. 0 H._O
T XTO
PN~ Ph” \‘/ Ph”
85% 90% 1%

Scheme 18 Electrochemical N-alkylformanilide synthesis.***”

OCOPh Anode
W
32a O- _
-e
OCOPh
-2e~ OCOPh L o
+l[\|l 2
320 O +r|\|1
N Ph/35‘R
32¢ OH
GHs
Ph/N\R /}
2 Ph.t (. 0OCOPh
°N N
R /
HH i 34

Scheme 19 Postulated
N-methylanilines.***”

mechanism for the oxidation of
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intermediate collapses giving 32¢ and the iminium ion 35,
where 32c¢ can be oxidised at the anode to reform 32b. The
iminium ion 35 can react with H,O to form the hemiaminal
36. A final oxidation of 36 by 32b then leads to the final
N-alkylformanilide 33."*?”

Electrochemical decarboxylation (Kolbe electrolysis)*® is a
well-known type of anodic oxidation and in 2014, Matthessen
and co-workers put this reaction to good use when they syn-
thesised a range of nitrile compounds from amino acids in an
undivided cell.>® The rationale behind this work was that
amino acids could be used as a more sustainable source of
reactive nitrogen compounds after decarboxylation than the
energy-intensive functionalisation of hydrocarbons with NH;.
Whilst the aim of this work was to produce nitrile compounds,
the conditions shown in Scheme 20 produced an amide
product 37 in very good yield, presumably via the hydration of
a nitrile intermediate. The key to this reaction appeared to be
the in situ generation of hypobromite at the Pt anode which
acted as a mediator to facilitate the decarboxylation reaction.
The reduction of H* ions was the proposed cathodic process.*”

Some of the most common methods of amide synthesis are
the reactions of carboxylic acid derivatives (acyl chlorides,
anhydrides and esters) with amines,'® which often suffer from
low atom economies and high levels of hazardous waste. In
addition, methods that employ carboxylic acids directly often
require coupling agents or the use of transition metal Lewis
acid activators (ZrCl,;, AlMe; and Ti(O'Pr),), therefore, new
electrochemical methods that obviate such requirements are
of great interest.*” One such example of this has been reported
by Ke and co-workers, wherein a bromide salt (used as both
the electrolyte and a catalyst) was employed to promote direct
amidation of carboxylic acids under aqueous conditions in an
undivided cell, as shown in Scheme 21.%°

A wide array of substituents and functional groups were
tested using these conditions and generally gave excellent
yields, making this a particularly valuable method of electro-
chemical amide synthesis. Radical trapping experiments
suggested the involvement of an acyl radical intermediate,
which led the authors to propose the rather unusual mecha-
nism shown in Scheme 22. They proposed the base-catalysed
nucleophilic substitution of the carboxylic acid starting
material to produce the acyl bromide 38. This species then

Pt/ Ni (10 mA/cm?)
0 0.15 M NH,Br / . a7

.\
H3N\/\/\‘)ko’ MeOH + H,0 (13:1) H?N\/\/\fo
cr cl

+ constant current 91% NH
NH e 2
(0.5 mmol) ™3 undivided cell
3h
(0]
o R0 48 R+ coy e aH®

“NH,3

Scheme 20 Electrochemical decarboxylation and nitrile hydration to
produce an amide.*®
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R e |
undivided cell R"
(1mmol) (1 mmol)  €s2C03 (1 mmol)
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Examples
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Scheme 21 Direct electrochemical amidation of carboxylic acids under
aqueous conditions.*°

CSgCO3, Br-

R)J\OH base-catalysed )J\ ) + Br
nucelophilic 8 l_'_e_
substitution HNR'R"

[ € Br

Scheme 22 Proposed mechanism for the electrochemical amidation of
carboxylic acids.*°

undergoes homolytic cleavage to yield the acyl radical 39 and a
bromine radical. The bromine radical will likely be reduced at
the cathode to reform a bromide anion and 39 can react with
an amine to produce the desired amide product after anodic
oxidation.*’

2.5. N-Heterocyclic carbenes as mediators

An important class of mediators for amide synthesis not yet
discussed are the N-Heterocyclic Carbenes (NHC). Effective
electrochemical protocols using NHCs have been reported,
including processes carried out in flow reactors, such as the
work of Green and co-workers (Scheme 23).*' This process
proved to be high yielding when aldehydes and the thiazolium
bistriflimide 40 was used as an NHC precursor in the presence
of the base 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU).

It was found that attempting to mix all the reagents
together in one go prevented the vital Breslow intermediate
41a/41b from forming, likely because of competing imine for-
mation. Instead, the authors utilised one of the significant
benefits of performing reactions in flow, namely the ability to

This journal is © The Royal Society of Chemistry 2020
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H Flow Reactor (10 mA/cm?)
j\ SA\?\I’MeS Flow rate: 1.2 mL/min Bt
R™H 4+ \={"NTf, DBU(©75mmo) R™ "N’
40 R'NH, (0.5 mmol)
(0.5mmol) (0.5mmol)  pmF, 40-60 °C
Examples o
Bn -B
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O
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4% " (CHaLNH,
LT
N
H
Br 83% Br 6%

Scheme 23 Electrochemical flow process using a N-heterocyclic
carbene mediator.**

easily control reagent mixing, to introduce the amine after the
Breslow intermediate had formed. This greatly enhanced the
yield of the reaction. Scheme 24 shows the likely mechanism
at work, with 40 being used to produce an NHC which reacts
with an aldehyde to produce 41a/41b. The base DBU plays a
key role in deprotonating species during these early stages of
the mechanism. Anodic oxidation then leads to the acyl thiazo-
lium 42, before reaction with an amine delivers the amide
product and regenerates 40. The reduction of 40 or protonated
DBU was proposed as the cathodic process in this reaction.*!
An example of an NHC being generated via cathodic
reduction has also been reported, which shows the versatility

Anode — . ‘

H
R S)Q‘N,Mes |

DBU_ \=("NTf,
\—‘ﬂm

Scheme 24 Mechanism for electrochemical N-heterocyclic carbene-
mediated amidation.**
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Scheme 25 N-Heterocyclic carbene prepared by cathodic reduction of
an ionic liquid to mediate amide synthesis.*

of these mediators in electrosynthesis. This work, reported by
Feroci and co-workers,*” relies upon an ionic liquid 43 (also
functioning as an electrolyte) which is reduced at the cathode
to the NHC 44 in situ in a divided cell. This then reacts with an
o,p-unsaturated aldehyde to form the intermediate 45 before
reaction with an amine yields the amide product. It is impor-
tant to note that the alkene functionality is lost in the final
product. This stepwise reaction is shown in Scheme 25.**

2.6. The anion pool method

The electrochemical reduction/deprotonation of substrates
such as amines to make them more nucleophilic (the ‘anion
pool method’) has been explored as a means of amide bond
formation. Research published by Dissanayake and co-workers
in 2019 showed a highly sustainable and atom-efficient
approach to amide synthesis using this method in a divided
cell as shown in Scheme 26.** The authors made excellent use
of inexpensive Reticulated Vitreous Carbon (RVC) electrodes
and anhydrides 46 as the acyl source in this work, ensuring
that the carboxylates 47 that are formed after initial reaction of
the anhydrides were not wasted by reacting them further with
benzyl bromide. This led to a highly atom-efficient process
that produced two very useful products from every reaction: an
amide and an ester 48. The authors carried out control reac-
tions to show that without any applied current at room temp-
erature, neither product was produced. However, at an elevated
temperature of 55 °C the amide was formed in the absence of
a current, while the ester was still not produced in this test. It
was found that in order for the ester product to be produced
in good yield, a continual current had to be applied after
amide formation to reduce any adventitious protons in solu-
tion, thereby maintaining the nucleophilic nature of the result-
ing carboxylates 47 long enough for them to react with benzyl
bromide.*

The yields for products produced using this method were
good, for both the amide and the ester products, and the reac-
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Scheme 26 Electrochemical anion pool method for amide and ester
synthesis.*®

tion proved viable on gram scale, however it should be noted
that on this larger scale there was some disparity between the
yield of the amide and that of the benzoic ester. It was found
that the amide could be synthesised in high yield, but the
benzoic ester proved much lower yielding. This issue was recti-
fied by adding a catalytic amount of K,CO; base to break up
benzoate homoconjugated dimers that were likely forming,
thereby bringing the yields for both the amide and the ester to
above 80%.*

The mechanism for this reaction is shown in Scheme 27,
starting with amine cathodic reduction/deprotonation, which
then reacts with the anhydride 46 to give an amide product.
The resulting carboxylate 47 is then exposed to benzyl bromide
to give the ester product 48.*

This same group have also had success with producing acy-
lated indazoles 49 wusing this method as shown in
Scheme 28.** The mechanism for this reaction is the same as
in Scheme 27 with the exception that esters were not produced
in this work.

2.7. Cathodic reduction cleavage reactions

Cathodic reduction has been used for the in situ generation of
H,0, from molecular O, by Kurose and co-workers to facilitate
amide formation.*” Interestingly, in the work of Boujlel and

This journal is © The Royal Society of Chemistry 2020
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Cathode

Br ‘

Scheme 27 Proposed mechanism for electrochemical amide and ester
synthesis.*®

Simonet in 1985, the combination of molecular O, and catho-
dic reduction was also used to produce amide products, this
time through the cleavage of diimides 50, as in Scheme 29.%°

A more recent example of an electrochemical cleavage reac-
tion to produce amides is the work of Mentel and co-workers
published in 2009,*” which demonstrated an environmentally
benign reduction of carboxylic acid hydrazides 51 in a Britton-
Robinson buffer solution in a divided cell (Scheme 30). The
addition of 2 electrons from the cathode and 2 protons
allowed the amide products to form along with ammonia. This
reaction is often carried out non-electrochemically through the
use of a RANEY® nickel catalyst and similar types of electro-
chemical reductions often employ a mercury pool cathode, so

(i) RVC / RVC (8 mA)
constant current

OYR'

divided cell N

0.1 M "BusyNPFg / MeCN R@N
N,, RT, 3 h 19

i 9

N
Examples

le) O
L v ol )
Br d
N N, N,
% O 8% 73%
0}
Y-

0
o) Ph
Ph N
N, N
N ©DN
O,N

Br. N,
P N
81Y
82% 78% H o %

Scheme 28 Electrochemical acylation of indazoles using the anion
pool method.**
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Scheme 29 Cathodic reduction of diimines.*®
Sn / Graphite
0 ) ) (o]
J\ " cathodic reduction )k
R™ N 2 divided cell R” “NH,
H Aqueous buffer:
51 [0.1 M AcOH, 0.1 M H3PO,,
0.1 M B(OH)3, 25% (v/v) EtOH]
70 °C
Examples o 0
NH, /@ANHz
MeO 55% FsC 55%

o O
Ph/\)J\NHz O)J\ NH,
61% 43%

Scheme 30 Electrochemical cleavage of carboxylic acid hydrazides.*’

the comparatively mild conditions shown in Scheme 30 are
favourable.”” This reaction produced several amides in moder-
ate yield.

2.8. Synthesis by Shono-type oxidation

In 1981, Shono and co-workers reported a methoxylation reac-
tion wherein anodic oxidation of an amide substrate led to the
formation of an iminium ion that could be attacked by
MeOH."®* Further uses of amides in Shono-type oxidation
will be discussed in the next section, but it is first important
to mention the electrochemical synthesis of an amide by this
method. Scheme 31 shows the work of Li and co-workers
where a mixed hypobromite/TEMPO 52a system was used to
oxidise tetrahydroisoquinolines 53 in an undivided cell, allow-
ing amide-containing products to form in moderate yields.
This work utilised a biphasic DCM/H,O solvent system.>

It was found that both the bromide and TEMPO 52a reagents
were vital in this reaction and a proposed mechanism is shown
in Scheme 32. First, anodic oxidation of bromide produces
hypobromite in the aqueous phase of this reaction.
Hypobromite is capable of oxidising 52a to 52b, which then oxi-
dises 53 into the radical cation 54. This species is oxidised
further and deprotonated giving the iminium ion 55.
Nucleophilic attack of this iminium ion by water leads to isoqui-
nolinol 56 which is oxidised and deprotonated a final time to
yield the desired amide-containing product.’® The oxidations
from 54 to 55 and 56 to the product are not depicted touching
the anode as it is possible that 52b facilitates these oxidations.

Green Chem., 2020, 22,7737-7759 | 7747
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Scheme 31 Electrochemical Shono-type oxidation of
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Scheme 32 Plausible
oxidation.>°

mechanism for tetrahydroisoquinoline

3. Applications of amides in
electrosynthesis
3.1. Amides as substrates in Shono-type oxidations

Following on from the previous section, Shono-type oxidation
reactions have also been carried out on amide substrates
(rather than used to prepare amides) and so these will be dis-
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Scheme 33 Electrochemical
oxidation.*®
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Shono
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cussed in this section. The first example of this is shown in
Scheme 33 and represents the classic Shono oxidation reaction
whereby an iminium ion 57 is formed electrochemically and
then nucleophilically attacked by MeOH.*® This sort of reaction
has also been reported when using carbamate substrates.”>>

In 2016, an example of Shono-type oxidation being used to
bond y-lactams 58 and anilines together was reported by Gong
and Huang,”® who used mild and sustainable conditions (i.e.
room temperature and no metal catalyst) to produce a range of
coupled products in an undivided cell (Scheme 34). In this
example, the reduction of NH," to produce H, gas at the
cathode was proposed, in addition to the standard Shono-type
mechanism taking place at the anode. Whilst the use of 20
equivalents of the lactam 58 is undesirable, this was the first
example of anilines being used as the nucleophilic coupling
partner in Shono-type oxidation, possibly because the oxi-
dation potential of nucleophiles traditionally employed in this
reaction (MeOH and cyanide ions) are rather high, whilst ani-
lines are comparatively lower.>’

Pt/ Pt (7.5 F/mol) H
0.24 M NH,CIO; / MeCN B
N-R' constant current ,/N
undivided cell R R o

0 25 mmol) (5.2 mmol) RT: 25

Examples

H
/
55"/ Q 1%
N
NC o)

43°/ 36%

F,CO

Scheme 34 Shono-type oxidation of lactams using anilines.>®
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Scheme 35 Electrochemical intramolecular amide cyclisation.>*

In addition to the intermolecular examples mentioned so
far, Siu and co-workers reported an interesting example of
intramolecular amide cyclisation using Shono-type oxi-
>% which relies upon tethered alcohols as the nucleo-
phile source. The conditions shown in Scheme 35 proved high
yielding for all the substrates that the authors tested, allowing
a range of 6- and 7-membered rings to be produced.’* A
similar approach has been reported by Lee for the diastereo-
selective cyclisation of hydroxylamides.”>”°

Finally, the use of Shono-type oxidation has even been
extended to the selective deethylation of tertiary amides (a
common pharmaceutical moiety) in a metabolism-mimicking
protocol, as reported by Bal and co-workers in 2019.>” The
N-dealkylation of drug molecules is a common metabolism
pathway facilitated by cytochrome P450. This work, carried out
in an undivided cell and shown in Scheme 36, demonstrates
the potential for late-stage synthesis of drug metabolites
directly from the parent drug using electrosynthesis, saving a
great deal of intellectual and practical effort if the same metab-
olites were to be synthesised independently. It was found that
the use of a constant current rather than a constant potential
was highly important to achieve the desired reaction, as in
constant potential conditions, the authors only obtained the
expected a-methoxylated Shono product from the iminium ion
59 reacting with MeOH. However, when the authors used a
constant current approach, they noted that 59 could react with
MeO™ or HO™ to produce the desired deethylated products
along with ester and aldehyde by-products. It was proposed
that the reduction of MeOH and H' ions was taking place at
the cathode in this reaction.””

dation,

3.2. Electrochemical metal-catalysed C-H activations

Another application of amides in electrosynthesis is to act as
ligating directing groups to assist in metal-catalysed C-H acti-
vation reactions. Various metals have been employed alongside
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Scheme 36 Electrochemical deethylation of tertiary amides.>”

amide substituents in these reactions as will be discussed in
this section. Cobalt has been used to excellent effect by
Ackermann and co-workers to facilitate inexpensive C-H oxy-
genation reactions as shown in Scheme 37.°*°° By using
amide starting materials that also bore a pyridine-N-oxide
(PyO) group 60, it was found that methanol, ethanol and
various other alcohols could be incorporated into the final pro-
ducts in good yields. Notably, this electrochemical method
could be carried out under mild conditions at room tempera-
ture and avoided the need to add stoichiometric silver(i)
oxidants.*®*® Cobalt has also been used for electrochemical
C-H activations of amides for reactions with amines, alkenes
and alkynes.*°

The mechanism for this reaction has been investigated and
is believed to proceed as shown in Scheme 38, wherein the
starting Co(u) catalyst is oxidised to Co(m) at the anode. This
allows C-H cleavage to take place of the oxidised starting

/ RVC / Pt (1.3 mA/cm?)
+ 0.14 M NaOPiv / ROH
constant current
divided cell
H 60 Co(OAc)z 4H,0 (20 mol%) R
(0.5 mmol) RT,6h
Examples
“’ @ d
H
OFt 76% 2"/
70% o o
(60°c) CFs

Scheme 37 Electrochemical cobalt-catalysed oxygenation.>>°
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Scheme 38 Mechanism for electrochemical Co-catalysed

oxygenation.>®5°

material 60, forming 61. C-O bond formation then occurs by
chelation assistance to give 62, thereby allowing the final
product and Co(1) to be released. The Co(i) species is then oxi-
dised back up to Co(m) to begin another cycle.>®>°

Copper has been used in a very similar fashion to the
cobalt examples above to facilitate amination reactions in an
undivided cell as shown in Scheme 39. In this example from
Kathiravan and co-workers,®! the sole oxidiser in the reaction
was once again the anode, however, instead of a pyridine-N-
oxide group being attached to the amide substrate, a quinoline
group was used. These conditions proved effective for a range
of substrates.®"

Furthermore, copper has been utilised in conjunction with
amide direction for the selective electrochemical B-H oxygen-
ation of o-carboranes at room temperature, in work published
by Au and co-workers.*>

Nickel has recently been shown to be an effective mediator
for electrochemical C-H alkylations under mild conditions, as
shown by the Ackermann group.®® This work differs from the
previous examples in this section as cathodic reduction was
thought to be the key to controlling the oxidation state of the
metal catalyst rather than anodic oxidation.

Palladium has also been used in these types of reactions, as
exemplified by Amatore and co-workers in 2007 (Scheme 40)
with a Heck reaction carried out in a divided cell.** In this
work, benzoquinone 63 was used as a convenient mediator
and unlike the previous examples in this section, a secondary
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Scheme 39 Electrochemical Cu-catalysed amination.®*

RVC / Pt (0.67 mA/cm?)
constant current

undivided cell
Cu(OAc), (20 mol%)
(0.4 mmol) NaOAc (1.6 mmol)
HNR'R" (1 2 mmol)
MeCN, 60 °C, 12 h
Examples

C /Ni (+0.9 V vs SCE)
0.3 M "BuyNBF4 / AcOH
constant potential

- CO,"Bu
N
Y~ co,Bu

0+ Lo
(2.6 mmol)

H

divided cell N
Pd(OAC), (10 mol%)

benzoquinone 63 (10 mol%)

RT,4h

T

(2.2 mmol) 75%

Scheme 40 Electrochemical Heck reaction.®*

directing group attached to the amide such as pyridine-N-
oxide or quinoline was not required.®*

The proposed mechanism for this reaction broadly follows
a traditional Heck reaction with the Pd(u) catalyst initiating
C-H activation to produce the complex 64. This species then
undergoes carbopalladation with an alkene, followed by a
B-hydride elimination step (once rotated into the correct geo-
metry). This yields the desired product. Reductive elimination
of the resulting Pd(u) species 65 gives Pd(0), which is oxidised
up to Pd(u) again by benzoquinone 63. This oxidation pro-
duces hydroquinone 66 which can be oxidised at the anode to
reform 63, thereby making this oxidant catalytic as shown in
Scheme 41.%

Aside from Heck reactions, Pd has also been used to facili-
tate electrochemical amide-directed chlorinations® and iodi-

nations,®® as shown by Kakiuchi and co-workers.

3.3. Heterocycle formation

There have been numerous examples of electrosynthetic het-
erocycle formation using amides as will be discussed in this
section, however, for the purpose of this review, only examples
where the amide motif is directly involved in the formation of

This journal is © The Royal Society of Chemistry 2020
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Scheme 41 Proposed mechanism for the electrochemical Heck

reaction.®*

the heterocycle will be discussed. The various syntheses have
been subdivided into categories based on the type of new
bond formed, i.e. C-C, C-N, C-0, etc.

3.3.1. Combined C-C and C-N bond formation. Cobalt-cat-
alysed C-H activation has already been discussed in the pre-
vious section and so the first examples of heterocycle for-
mation to mention here will be the use of alkynes and alkenes
in amide-directed protocols which produce both a C-C and a
C-N bond. Ackermann and co-workers,®” following on from
their previous successes carrying out oxygenation reactions
(Schemes 37 and 38), have reported exceedingly mild reaction
conditions for carrying out joint C-H/N-H activation using
alkynes in an wundivided cell. This reaction, shown in
Scheme 42, was carried out in an environmentally friendly
mixed H,O/MeOH solvent system at room temperature and,
similar to their previous work, did not require any added
oxidant because they carried out the reaction electrochemi-
cally, further improving the sustainability of the process. A
broad scope and good yields were obtained and the mecha-
nism for this reaction was proposed to follow very closely to
that already shown in Scheme 38.°%°”

In addition to this alkyne protocol, Tang and co-workers
have reported the use of alkenes in a very similar Co-catalysed
reaction, delivering a method of incorporating gas-phase
ethene into fine chemicals.®®

Moving away from cobalt chemistry, the synthesis of
indoles and azaindoles has also been achieved using amides
electrochemically. Hou and co-workers published their robust
and widely applicable synthesis of these compounds in 2016,
making use of a ferrocene mediator to produce amidyl radicals
which could efficiently react with tethered alkynes in an undi-
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0 N RVC/ Pt (0.67 mAicm?) o Z
- H,O / MeOH (1:1) |
N N constant current N™ N
- undivided cell _— Mok
R H Co(OAC),-4H,0 (10 mol%) R R
(0.5 mmol) NaOPiv (1 mmol)
H————R" (1 mmol)
RT, 16 h
Examples
66% 73% 81% OMe
O
F’yO
O
4% 5% \g( 60%
(Co (20 mol%)) (Co (20 mol%)) (Co (20 mol%)) ¢

Scheme 42 Electrochemical C—H/N-H activation using Co catalysis.®”

vided cell. The indole synthesis portion of this work is shown
in Scheme 43.%°

This reaction demonstrates a significantly different C-H/N-
H activation than the Co-catalysed work discussed previously
as the authors propose a radical mechanism without a tran-
sition metal involved in the bond-forming steps. This mecha-
nism is shown in Scheme 44 starting with deprotonation of
the amide starting material 67 by electrogenerated MeO™ to
produce the anion 68. Meanwhile, ferrocene 69a is oxidised up
to the 3+ oxidation state 69b at the anode, allowing 69b to
then oxidise the anion 68 to produce the amidyl radical 70.
Subsequently, 70 undergoes 6-exo-dig cyclisation to give the

RVC / Pt (0.05 mA/cm?)

o]
R™ ANy

PR

(0.3 mmol)

+ THF (1:5)
constant current
undivided cell
[CpoFe] 69a (5 mol%)
Na,CO3 (0.3 mmol)

argon, reflux, 4 h

Examples

MeO,C

Scheme 43  Electrochemical indole synthesis.®®
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Scheme 44 Mechanism for electrochemical indole synthesis.®®

vinyl radical 71, which in turn undergoes a second cyclisation
to give 72. Finally, 72 is oxidised at the anode and deproto-
nated to produce the desired indole product.®

A more recent example of this type of reaction, this time to
form isoxazolidine-fused isoquinolinones, was published in
2020 by Zhang and co-workers.”® This work also made use of a
tethered alkyne to encourage the desired C-C and C-N bonds
to form.

3.3.2. Combined C-N and C-O bond formation. The use of
amidyl radicals has also been utilised by Folgueiras-Amador
and co-workers,”" this time to form C-N and C-O bonds using
TEMPO 52a. Interestingly, in this reaction the TEMPO was not
only used as a mediator to facilitate oxidation reactions, but
also as a coupling partner, allowing a C-O bond to form in
addition to the C-N bond formed from cyclisation to give iso-
indolinones 73. This work, published in 2017 and shown in
Scheme 45, utilised a flow microreactor to efficiently carry out
the reactions with very little or no electrolyte required, keeping
the cost of the process low and making purification of the pro-
ducts easier. An additional advantage of using the flow appar-
atus was that the authors found they could easily modify their
method to incorporate a stream of acetic acid and add a Zn
cartridge at the end of the flow setup. This allowed cleavage of
the N-O bond of 73, giving alcohol products instead of the
TEMPO-containing 73. This demonstrates a sustainable and
easy method of cyclisation and reduction made possible
through the use of flow electrosynthesis.”* In contrast, Xu and
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(0] Flow Reactor (3 F/mol)
_R Flow rate: 0.1 mL/min N—R

H  0.025M BnNMezOH / 23
| MeCN + H,0 (19:1)
TEMPO 52a (0.75 mmol)

=-0

(0.5 mmol)

Examples

72%
(dr. 1.14:1)

56%
(d.r. 1.06:1)

96%
(d.r. 3:1)

Scheme 45 Flow electrosynthesis of isoindolinones.”

co-workers performed a very similar reaction using carbamate
substrates and non-flow electrochemical apparatus, producing
similar cyclised, TEMPO-containing products, but without the
in-built capacity to reduce the N-O bond in a one-pot
fashion.”

Scheme 46 shows the proposed mechanism for this reac-
tion wherein TEMPO 52a is first oxidised at the anode to
produce 52b. This mediator then oxidises the amide starting
material, after it has been deprotonated by electrogenerated
hydroxide, to produce the amidyl radical 74. This radical then
cyclises and is then trapped by 52a to produce the isoindoli-
none product 73.”*

3.3.3. C-N bond formation. Amidyl radicals have also been
harnessed to produce heterocycles via new C-N bonds from

Anode o]

73 TEMPO 52a R’

. J

Scheme 46 Mechanism for flow electrosynthesis of isoindolinones.”*
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Scheme 47 Electrochemical pyrrolidine synthesis.”®

carbamate substrates, as reported by Xu group.””’* In

addition, amidyl radicals generated from amides have been
used to synthesise lactams’ and pyrrolidines 75.”® The syn-
thesis of pyrrolidines 75 is shown in Scheme 47 as reported by
Hu and co-workers, making use of a 1,5-Hydrogen Atom
Transfer (HAT) process once the amidyl radicals had been gen-
erated electrochemically in a mixed MeCN/hexafluoroiso-
propanol (HFIP) solvent system in an undivided cell.”®

3.3.4. C-C bond formation. Amides have been used in elec-
trosynthesis as precursors to base- and heat-sensitive 3-fluoro-
oxindoles 76 in an undivided cell. This example, shown in
Scheme 48 (again from the Xu group)’” used very mild electro-
chemical conditions to produce a range of these reactive com-
pounds highly efficiently and in an easily scalable fashion. As
76 is a synthetically very useful motif to access other products
and difficult to synthesise by conventional means, this method

RVC / Pt (1.3 mA/cm?)
CO,Me 0.1 M "BugNPFg/MeOH g R co,Me
I + THF (1:2)
constant current ]
undivided cell N
[Cp,Fel 69a (10 mol%) 76 R
(0.3 mmol) LiCp (30 mol%)
argon, 0 °C, 2.7 h
Examples COzMe
CO M CO,Me
73% 56% OMe 79%
MeO,C \ CO,Me \ CO,Me \ CO,Me
9% 76% \\/OH 57%
(-30 °C) (-30 °C)

Scheme 48 Electrochemical synthesis of 3-fluorooxindoles.”
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Scheme 49 Mechanism for
synthesis.””

clearly highlights more of the benefits that electrochemistry
has to offer as a clean, green alternative to traditional reagents
in synthesis.””

The proposed mechanism for this reaction is given in
Scheme 49, with the starting amide first being deprotonated
by electrogenerated methoxide to give 77. Ferrocene 69a, used
as a mediator, is oxidised to 69b at the anode, allowing 77 to
be oxidised to the radical 78. This carbon-centred radical then
undergoes cyclisation with oxidation and deprotonation to
yield the desired 3-fluorooxindole 76.””

Kolbe-type anodic decarboxylation has also been carried
out on amide-containing substrates, this time for the sustain-
able synthesis of 2-pyrrolidinones via the formation of new
C-C bonds, as reported by Quertenmont and co-workers.”®

3.3.5. C-O bond formation. The formation of C-O bonds
to form heterocycles has also been reported. The method
shown in Scheme 50, published by Gieshoff and co-workers in
2017,”° was used to sustainably synthesise benzoxazoles 79 in
an undivided cell from amides via the electrochemical gene-
ration of amidyl radicals. Importantly, the authors found that
HFIP proved to be the only viable solvent for this reaction as
other solvents did not enable the formation of the desired ben-
zoxazoles. It was postulated that HFIP provided effective stabil-
isation of intermediates (including radicals) to allow cyclisa-
tion to take place.”®

The proposed mechanism for this reaction is shown in
Scheme 51, where amidyl radicals 80 are first generated at the
anode. It is thought that this radical receives stabilisation
through resonance with the neighbouring aromatic ring 81,
opening up the possibility for radical cyclisation to take place
producing 82. This heterocyclic radical then undergoes a
second anodic oxidation to produce the desired benzoxazole 79.
The initial oxidation step is possibly facilitated by deprotona-
tion of the amide by HFIP anions (generated at the cathode).”®
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1)
Q' 0.01 M "BugNPFg / HFIP \N R'
constant current 79
R

R 0.4 mmol) undivided cell

Examples

6% M o/©/L78%
e

@C.Qﬁ%

86%

Scheme 50 Electrochemical synthesis of benzoxazoles.”®

Scheme 51 Proposed mechanism for electrochemical benzoxazole
synthesis.”®

Protocols for the formation of selenylated oxazolines 83 from
diselenides also exist, as reported recently by Mallick and co-
workers in 2020 and shown in Scheme 52.%° This method
proved highly effective as a large scope of substituents were tol-
erated and yields obtained were very good. It is also a highly sus-
tainable method being transition metal-free, not requiring an
external oxidant and carried out at room temperature in an
undivided cell. This approach also proved viable for synthesising
selenylated isoxazolines from oximes, making it very versatile.*’

The authors proposed two potential pathways for this reac-
tion to proceed. The first pathway is ionic cyclisation as shown
in Scheme 53, whereby the diselenide starting material is oxi-
dised at the anode giving selenium cations 84. These cations
can react with the alkene of the starting material to produce
85. Nucleophilic cyclisation can then proceed to produce 83.%°

The other proposed pathway for this reaction is radical
cyclisation, shown in Scheme 54. In this mechanism, the dise-
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SePh Se
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Scheme 52 Electrochemical selenylated oxazoline synthesis.°
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-e i

R'Se* 0
R N 83

lonic cyclisation pathway for the formation for selenylated

Scheme 53
oxazolines.8°

lenide is first cathodically reduced, causing fragmentation,
before oxidation at the anode produces a pair of selenide rad-
icals 86. Oxidation of the amide starting material then pro-
duces the delocalised radical 87, which allows radical cyclisa-
tion and coupling with 86 to occur producing 83. In both path-
ways, the reduction of H' ions was thought to occur at the
cathode.*

Other methods for electrochemical oxazoline synthesis
from amides include the cathodic reduction of dichloroethyl-
amides as reported by Guirado and co-workers.*"*?

Syntheses of related compounds such as oxazoles have also
been reported. The Waldvogel group successfully generated
hypervalent ArIF, species via anodic oxidation of iodoarenes
which proved capable of mediating fluorocyclisation of
N-propargylamides to 5-fluoromethyl-2-oxazoles.*?
Additionally, a broad range of benzoxazines have been syn-
thesised efficiently by anodic oxidation protocols from the
Xu®* and Yu® groups. Sulfonated benzoxazines have also
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Scheme 54 Radical cyclisation pathway for the formation of seleny-
lated oxazolines.®°

recently been produced by electrochemical radical cascade
cyclisation as reported by He and co-workers.®®

Such a wealth of highly sustainable and green electrosyn-
thetic methods for producing heterocycles from amides pro-
vides a very promising foundation for future preparations of
valuable pharmaceuticals and agrochemicals, which are
largely comprised of heterocyclic compounds.

3.4. Precursors to other functional groups

Another important mode of reactivity for amides is their con-
version into other useful functional groups. One interesting
example of this is shown in Scheme 55 as reported by Li and
co-workers in 2018,%” demonstrating an elegant use of the
Hofmann rearrangement to convert amides into methyl carba-
mates 88 in an undivided cell. The authors utilised some of
the key advantages of electrosynthesis in this work, namely the

Pt/ Pt (6.7 mA/cm?)
o 0.04 M NaBr / MeCN j’\
RS + MeOH (10:2) N~ “OMe
2 constant current H gg
(1 mmol) undivided cell
50°C,6h
Examples
"'@ O
OMe F )J\
92% 80% 5%
, (60 °C)
M Prs,,
RSO N Q g
N OMe
g7% M 82% i 81% H

Scheme 55 Electrochemical Hofmann

carbamates.®”

rearrangement to produce
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use of benign NaBr as a mediator, thereby avoiding the hand-
ling of hazardous halogens, to produce a wide range of carba-
mates in excellent yields. This reaction also proved possible on
the gram scale.?”

The mechanism proposed by the authors for this reaction
is shown in Scheme 56, where bromide is oxidised into
bromine at the anode and methanol is converted into methox-
ide at the cathode, providing both a mediator and an effective
base electrochemically. The starting amide then reacts under
these conditions to produce the N-bromo species 89, which is
further converted into an isocyanate intermediate 90 through
deprotonation followed by R group migration. In the presence
of methoxide, 90 can be nucleophilically attacked to produce
the desired methyl carbamates 88.%

Another important example of amide functional group con-
version is represented in Scheme 57, which shows amides
being cathodically reduced to amines by deoxygenation. This
work, reported by Edinger and Waldvogel,*® made use of a Pb
cathode in a divided cell and an acidic medium. Interestingly,

Anode Cathode
X X 112 H2
MeOH
MeO Br i o8
N_C_O MeO~ R\N OMe
20 H
Scheme 56 Proposed mechanism for electrochemical Hofmann
rearrangement.8”
Pb / Pt (44 mA/cm?)
j’\ (+4e” + 4H") )
ROONRT 2% HSO4/MeOH g >NR
é. constant current Il?
divided cell
1.7 mmol) ~F N
( ) /r\|1/\/91\N\(o.o17 M)
20S0;Me  45°C
Examples
P P OMe
Ph” O NH, Ph H/j/j Ph ”/\(
62% 55% 46% OMe
MeO
Q e D/\N/\
32% eO 41%K/O

Scheme 57 Electrochemical deoxygenation of amides to produce
amines.®
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it was noted that if alkylammonium ions 91 were not present
in the reaction mixture, the dominant cathodic processes that
took place were corrosion of the Pb electrode and proton
reduction leading to the evolution of hydrogen. It was postu-
lated by the authors that the alkylammonium ions, when they
were present, decorated the surface of the Pb electrode, pre-
venting corrosion and the evolution of hydrogen, whilst allow-
ing the desired deoxygenation reactions to take place. This
method also proved effective for producing sulfides from
sulfoxides.®®

There have also been reports of N-alkoxyamides 92 being
converted into esters in the presence of iodide salts in an undi-
vided cell as shown in Scheme 58. In this work, reported by
Subramanian and co-workers,®® the reaction proceeded with the
release of N, gas, a clean by-product, under mild conditions.

This reaction is thought to proceed via anodic iodide oxi-
dation which initiates the formation of the radical species 93
from 92. This radical then dimerises to produce 94, which
undergoes thermal rearrangement. In this process, N, is
released and the desired ester product is produced. This
mechanism is shown in Scheme 59. It is thought that H' ion
reduction at the cathode was largely suppressed by the pres-

0 Pt/ Cu (1 mA/cm?)
)J\ OR' "BuNI (20 mol%) / DMF
R H/ 92 constant current R® OR'
(0.5 mmol) undivided cell
) 85°C,1.5t02h
Examples o o) 0
OMe OMe OMe
MeO 91% pr 76% 52%
TSNS SR
Ph™ ™" “OMe ph)J\o Ph 0/\\
80% 54% 73%
Scheme 58 Electrochemical conversion of N-alkoxyamides into
esters.®®
Anode 0
| R)J\N,OR' R
H 92 (%ZO |
-~ R'O_N\) |
(NyOR'
_.OR' 0 ,)
L L I N :j% %
Jiy /
-N
R” TOR' 2

Scheme 59 Plausible mechanism for the electrochemical conversion
of amides to esters.®®
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ence of "Buy,N" ions, which got adsorbed onto the cathode
surface.®°

Electrosynthetic methods for the cathodic reduction of
amides to produce aldehydes®® and alcohols® also exist.

3.5. Other applications

Finally, this section will cover some of the other electrosynthetic
applications of amides that do not fit well into the other sec-
tions covered in this review. One of these applications is their
use as effective aryl radical traps, as shown in Scheme 60. The
Little group published this work in 2015, making use of enam-
ides 95 and tris(p-bromophenyl)amine (TBPA) 96a as a mediator
under mild constant potential conditions in a divided cell.”

This protocol was applicable to a range of aryl groups and
enamides in good yield. The proposed mechanism for this
work is shown in Scheme 61, starting with the oxidation of the
TBPA 96a mediator to 96b. This oxidised species then facili-
tates aromatic oxidation, producing 97. This radical cation for-
mation increases the acidity of the aryl species which leads to
the protonation of 95 to form an iminium ion. This is followed
by attack by the aromatic group to give the radical cation 98. A
final reduction step via reaction with another molecule of the
aromatic starting material (generating more 97) produces the
final, desired product.®”

Further synthetic applications include the work of
Sainsbury and Wyatt in which electrochemical coupling reac-
tions of alkoxylated amide species were reported and studied
in 1979.” The electrochemical decarboxylation of oligopep-
tides has also been investigated as in the work of Seebach and
co-workers from 1989.°* Additionally, there have been reports
of amide polymers enhancing the electrochemical reduction of
carbon dioxide when electrodeposited onto the surface of Cu
electrodes. This recent work, reported by Ahn and co-workers
in 2018,%” provides an interesting development in the conver-
sion of CO, to ethylene (an important topic in CO, capture

Pt/ Fe (+0.9 V vs Ag/AgNO3)
0.1 M LiCIO,4 / MeCN
constant potential R '}‘

(1 mmol) divided cell R'
(4-BrCgHy4)3N 96a (5-10 mol%)
RT

(1-3 mmol)

Examples
OH Br

28

OH 35%

o)
N)J\
;I} H
HN

93%

70%

Scheme 60 Electrochemical aryl radical trapping using enamides.®?
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Scheme 61 Plausible mechanism for the electrochemical trapping of
aryl radicals.®?

and utilisation), as well as showing again the vast range of
applications of amides in electrosynthesis.

4. Conclusions and outlook

In summary, this review has explored the creative and sustain-
able electrochemical syntheses of amides, as well as provide
an overview of the types of electrosynthetic reactions that have
been carried out using amide substrates. We began by discuss-
ing the popular electro-oxidation of iodide salts to produce
effective mediators in solution, before moving on to show how
nitrile groups and rearrangement reactions had been har-
nessed to produce amides electrochemically. Methods such as
the electro-generation of N-heterocyclic carbenes and the
anion pool method were also mentioned, followed by examples
of how Shono-type oxidation had been utilised, not just to
produce amides, but also to use amides as substrates. This led
on to how amides had been employed in electrochemical C-H
activations, before the numerous examples of heterocycle syn-
thesis were demonstrated. Finally, the review finished with a
brief look at how amides could be converted into other useful
functional groups using electrochemistry.

The benefits of electrosynthesis compared to traditional
synthetic methods have been outlined, showing that external
oxidants and transition metals can often be avoided, as well as
the commonly used stoichiometric coupling agents frequently
employed in amide syntheses. As a result, the methods
described in this review are very attractive from a green chem-
istry perspective, being highly atom-efficient and using overall
very mild conditions. Furthermore, the fascinating range of
reactivity of the amide motif when exposed to electrochemical
conditions shows great promise for future research, including
in the synthesis of crucially important heterocycles and
pharmaceuticals.

Additionally, given the current growing popularity of electro-
synthesis, which shows no signs of slowing down, and the

This journal is © The Royal Society of Chemistry 2020

View Article Online

Tutorial Review

wealth of recent literature in this area, it seems that we are only
witnessing the beginning of this highly promising research
topic. As more researchers turn their hands towards electro-
synthesis, in the coming years it is likely that yet more interest
will be garnered in amide synthesis using electrochemical tech-
niques. Finally, given the relatively small number of examples
that employ very easily scalable flow electrochemistry currently,
it seems widespread adoption in industrial settings is likely still
a few years away, however, in time this could become a key topic
of research on much larger scales.

Abbreviations

BOP (Benzotriazol-1-yloxy)-tris(dimethylamino)-phos-
phonium hexafluorophosphate

CDI 1,1’-Carbonyldiimidazole

DBU 1,8-Diazabicyclo[5.4.0Jundec-7-ene

DCC N,N'"-Dicyclohexylcarbodiimide

DCM Dichloromethane

DMF N,N-Dimethylformamide

DMSO  Dimethyl sulfoxide

EDC 1-Ethyl-3-(3'-dimethylaminopropyl)-carbodiimide
hydrochloride

HAT Hydrogen atom transfer

HATU  N-[(Dimethylamino)-1H-1,2,3-triazolo[4,5-b]|pyridin-1-
ylmethylene]-N-methylmethanaminium hexafluoro-
phosphate N-oxide

HFIP Hexafluoroisopropanol

NASH  Nucleophilic aromatic substitution of hydrogen

NHC N-Heterocyclic carbene

QRE Quasi-reference electrode

RT Room temperature

RVC Reticulated vitreous carbon

SCE Saturated calomel electrode

SHE Standard hydrogen electrode

SS Stainless steel

TBPA  Tris(p-bromophenyl)amine

TEMPO (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl
THF Tetrahydrofuran

WE Working electrode
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