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Challenges and opportunities on sustainable

electrochemical transformations: application
towards the synthesis of pharmaceuticals and
precursors of drug-like molecules

Adrija Ghosh, Vishal Kumar Parida and Debasis Banerjee & *

The pivotal role of electrochemistry has significantly improved the step economy of organic transform-
ations, thereby surpassing conventional pathways. Sustainable electrochemical transformations enor-
mously influenced the chemical synthesis and attracted significant attention towards pharmaceutical
industries. More specifically, the electrochemical organic transformation streamlines the synthesis of a
variety of drugs and precursors of drug-like molecules. This review summarised the electrochemical syn-
thesis of more than 50 such drugs, therapeutic chemicals, pharmaceuticals, and precursors of drug-like

rsc.li/greenchem

1. Introduction

Electrochemical organic transformation is an emerging
research area and has gained significant attention towards sus-
tainable development. It is noteworthy to mention that this
transformation has paved a new roadmap for modern catalytic
technologies over the traditional synthetic pathways via its
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molecules, which were directly or indirectly synthesised over the period of 2017-2023.

greater resource economy and elimination of possible by-pro-
ducts." Owing to their inherent advantages, which comply with
the principles of green chemistry, employing electrochemistry
towards the direct synthesis of functionalised chemical space
has proven to be a highly significant development. This is par-
ticularly crucial for the fact that the number of steps and class
of reagents used in traditional chemical synthesis have a great
impact on the product yield, as well as on the environment.*™
Looking at the potency of electrochemistry in bridging the gap
between complex molecule synthesis and sustainability, it is
evident that the future scope of such emerging technologies
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shall be ruled by its applications in various aspects of synthetic
organic chemistry including medicine to materials.”

Organic electrochemistry has attracted significant interest
in comparison to conventional synthetic transformations.® The
pursuit of electrochemistry is much greener and cost-
effective.” This review shall merge all of the recent develop-
ments made in the area of electrochemical pathways to drug
analogues and value-added products, and pharmaceuticals.®™°
Interestingly, electrochemistry has significantly shortened the
synthetic routes to various pharmaceuticals and drug-like
molecules, as highlighted in Fig. 1.

Herein, we summarise all these recent advancements,
including the challenges and opportunities on sustainable
electrochemical transformations towards the synthesis of phar-
maceuticals and precursors of drug-like molecules.

A previous report by Bisai in 2022 focused on the total syn-
thesis of naturally occurring alkaloids and terpenoids via
electrochemical C-H functionalization."* Cantillo very briefly
summarised some of the recent syntheses of active pharma-
ceutical ingredients. However, no attention was paid towards
the importance of the electrocatalytic protocol or its scope.'?
Chain reported on the total synthesis of alkaloids and terpe-
noids, including fatty acids, polyketides and carbohydrates."®
Ackermann presented the electro-organic synthesis of special-
ity chemicals mainly focused on fluorinated, organophosphor-
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ous, azido, and deuterated compounds solely based on the C-
H bond functionalisation.”” The total synthesis of natural pro-
ducts employing electrochemical methodologies was mostly
documented in earlier reviews. Moreover, the major focus was
directed towards chemical catalysis, and precise attention
often was paid to the synthesis of a class of compounds.
However, it is necessary to pay attention towards more sustain-
able approaches, where potential emphasis on electrochemical
transformations for such applications is in demand. It is note-
worthy to mention that since the past couple of years, we are
actively involved in base-metal catalysed sustainable strategies
for organic transformations’*'® and have focused our atten-
tion towards emerging electrocatalysis approaches for organic
transformations.

The present review focuses on the potential applications of
electrochemical strategies. More specifically, the direct (one-
step) or indirect (2-3 steps) synthesis of drugs, natural pro-
ducts, hormone analogues, neurotransmitters, metabolites,
synthesis of cytotoxins, NSAIDs, etc. is the primary focus. This
review shall cover the sustainable electrochemical syntheses of
more than 50 such complex molecules, which were directly
and indirectly synthesised over the period of 2017-2023.
Herein, we plan to briefly classify electrochemical method-
ologies based on the type of reaction and applications in drug
synthesis. Furthermore, the syntheses of value-added products
that have not been highlighted yet in any of the above-men-
tioned previous reviews are summarised. The pivotal role of
electrochemistry in all of these classified areas has signifi-
cantly improved the step economy of organic transformations,
thereby surpassing conventional pathways.

Moreover, to the best of our knowledge, there is no compre-
hensive review reported that highlights sustainable electro-
chemical transformations for the synthesis of therapeutic
chemicals, pharmaceuticals, and precursors of drug-like mole-
cules, including their applications in medicine to materials.

The key features summarised are as follows: (a) electro-
chemical cross-electrophile coupling (XEC) for the formation
of new C-C bonds; (b) electrochemical C-H functionalisation
towards applications to materials chemistry; (c) electro-
chemical intramolecular cyclisation/annulation; (d) electro-
chemical CO, activation to biologically active organic moieties
via elimination of toxic reducing agents; (e) asymmetric electro
synthesis to optically active compounds; (f) electrochemical
dimerisation; and (g) miscellaneous electrochemical
transformations.

2. Electrochemical strategies for
drug synthesis
2.1 Electrochemical CO, activation

Carbon dioxide is the most abundant C1 source, and one of
the major components of the greenhouse effect.'® Recent years
have witnessed significant utilisation of CO, to value-added
chemicals’’*? and natural products.'® Researchers have
exploited metal complexes and harsh conditions to overcome
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instance, Naproxen (3) and Ibuprofen (7) are regularly used, o e e 200nmes
and the direct syntheses of these drugs have gained great syn- o Plausible Mechanism

thetic importance over the years.> Conventional methods for
their synthesis depend on an excess over the stoichiometric
amounts of reducing agents (zinc and MgCl,), which could be
avoided via application of electrochemistry.

Mellah and co-workers (2019) utilised highly oxophilic diva-
lent samarium (Int. 1), generated electrochemically, and cata-
lysed the carboxylation of benzyl halides to corresponding
acids (Scheme 1).>** It was proposed that reduction of carbon
dioxide and ligation with the metal centre generated a samar-
ium carboxylate species Int. 2, followed by TMSCI catalysing
the cleavage of the Sm(m)-O species (Int. 3) to silyl ester (Int.
5), and furnished the desired product after hydrolysis. During
the process, trivalent samarium (Int. 4) is generated along with
Int. 1 by cathodic reduction. This protocol avoids the use of
any extra metal catalysts, and prevents the generation of by-
products via dehalogenation and dimerisation.?”” Naproxen
(3) hormone, widely used for pain and inflammation, was
obtained in a single step.

Similar transformations using aryl triflates, tosylates, or
ethers and allylic alcohols with CO, were also resulted car-
boxylic acid motifs.>**¥ An alternative metal-free carboxylation

5772 | Green Chem., 2024, 26, 5770-5789
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Scheme 1 Electrochemical CO, activation for the
Naproxen (ref. 22a).

synthesis of

of air-stable benzyl tri-methylammonium bromide salts was
also reported by Manthiram and co-workers.”*

Ye and co-workers employed the electro-carboxylation
approach using primary, secondary and tertiary sulfones under
mild reaction conditions (Scheme 2a).>*> High stability and the
electron-withdrawing nature of sulfones favoured the carboxy-

This journal is © The Royal Society of Chemistry 2024
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Scheme 2 (a) Desulfonylative electrocarboxylation of sulfones for the synthesis of Ibuprofen (ref. 25). (b) Electrocarboxylation of benzyl halides in
ionic liquids (ref. 26). (c) Selective electrosynthetic hydrocarboxylation of a-p unsaturated esters (ref. 27).

lation to desired acids. Mechanistic studies revealed that the
carbon sulphur bond was cleaved via a two-electron reduction,
resulting in the phenyl sulfinate and benzyl anion (Int. 7).
Upon subsequent addition of CO,, the reaction resulted in
phenyl acetic acid 6 in high yield. Thus, application of toxic
organic halides could be avoided using the CO, electro-carbox-
ylation approach. Guirado and co-workers reported on sustain-
able and efficient electrosynthetic routes to ibuprofen using
ionic liquids (Scheme 2b).>° The use of ionic liquids avoids
flammable and hazardous organic solvents, and acts as both
electrolyte as well as catalyst. Moreover, the use of a silver
cathode decreases the reduction potential in the carbon-halide
cleavage step, and around 80% of the ionic liquids could be
recovered and reused. Buckley and co-workers also reported on
a highly regioselective electrochemical approach for hydrocar-
boxylation of a,f-unsaturated esters to all-carbon quaternary
centres (Scheme 2c¢).”” This protocol emphasised the potential
of the metal-free electrochemical approach, and is different
from previously reported strategies by Lan, Yu and
Mikami.?®*¢ A key challenge associated with this includes the

This journal is © The Royal Society of Chemistry 2024

high competition between the double bond reduction and
carbon dioxide reduction because of their similar reduction
potentials. The protocol was employed in the synthesis of the
drug precursor ethosuximide (14).

Di-acids are ubiquitous in polymers, and much attention
has been paid to the dicarboxylation of alkenes, alkynes,
allenes, heteroarenes, and dienes.?**° In 2020, Lin and co-
workers reported an electro-reductive carbo-functionalisation
of alkenes with alkyl halides. They focused on chemo- and
regioselective C(sp®)-C(sp®) bond construction under a tran-
sition metal-free approach. The reaction proceeded via a
radical polar crossover pathway, where alkyl bromide was suc-
cessfully reduced at the cathode, leading to the generation of
the key radical intermediate (Int. 12), followed by the desired
product (17, Scheme 3). The process demonstrated the syn-
thesis of biologically active molecules, such as the glucokinase
activator (20, used to maintain the potassium channel in
cells), pregabalin (23, used for neuropathic pain and anxiety
disorders), and histone deacetylase inhibitors (25, used for
psychiatry and neurology as mood stabilizers, and also for

Green Chem., 2024, 26, 5770-5789 | 5773
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Scheme 3 Electroreductive carbo-functionalisation of alkenes:

synthesis of biologically active molecules (ref. 31).

anti-epileptics). These molecules are being investigated as a
possible alternative for treatments of cancers, and parasitic
and inflammatory diseases.*’

Mita and co-workers reported an electrochemical protocol
for dearomative mono- and di-carboxylation of heteroaro-
matics using carbon dioxide as the potent dicarboxylating
agent (Scheme 4).*>*3* As proposed, the carbon dioxide
radical anion was initially produced, which mainly yielded the
trans-oriented di-carboxylic acids from protected indoles, and
was supported by computational studies including control
experiments. The catalytic protocol was directly applied to bio-
logically active dicarboxylic acid derivatives; inhibitors of
PDE-IV, TXA2 33, and antagonist of NMDA and AMPA recep-
tors 34.%7¢

2.2 Electrochemical C-H activation

C-H activation has an opulent history in organic synthesis and
has received considerable attention from chemists over the
years. N-hydroxy phthalimide (NHPI), a HAT mediator, first
introduced in 1980s by Masui and co-workers,>**? has been
used for trapping organic radicals in the presence of O,
leading to the formation of oxygenated products. Contrary to
this, electrochemical NHPI oxidation allows generation of
PINO (phthalimido-N-oxyl) in the absence of O-atom sources.
Stahl and co-workers first reported the use of N-hydroxyphtha-
limide as an electrochemical mediator, employing 12 as the
radical trap via the HAT process. The reaction of in-situ gener-

5774 | Green Chem., 2024, 26, 5770-5789

View Article Online

Green Chemistry

Mita et. al. 2022

B mg 1T P 1= soma
N i) nBusNCIO, (0.1 M)

Boc MeCN, 3 F/mol, 0 °C
26 ii) then H* 27 >15 examples %
O Synthetic Application O
MeOOC MeOOC
2 COOMe % COOMe DDQ
Stand Cond (I) 1,4-dioxane
26
t,1h
then CH,N; “Boc 0 °C r1 1h 90 %
92 %
MeOOC
COOMe
( N\H NH,NH, H,0 =
-
N
NH EtOH, 100 °C “H
N 10h,83%
I 32 ¢ 31
H ) POCI i) PhNHNH,, 140 °C
3 o
i) NHNH, H,0 ii li:/h;gé)H reflux
iii) CH3COCH,COCH; 0.8h 43 9%
iv) amines o ?
I\ o
NJ
N 5" _Ph
N I
N7 34
| \ Antagonist of NMDA N o
N and AMPA receptors 4

33
NH Inhibitor of PDE-IV
HoN and TXA2

Scheme 4 Electrochemical di-carboxylation of heterocycles (ref. 33a).

ated PINO with the weak benzylic C-H bond is thermoneutral
and produces a radical which apparently reacts with iodine to
give the desired product (Scheme 5a).>> Synthetic application
of the in situ nucleophilic substitution of iodides was also an
advantage of this protocol. Electrochemical iodination proto-
col can be utilized for sequential iodination/alkylation apart
from in situ functionalization. This has been exploited for the
synthesis of three pharmaceutically significant moieties
namely, Permethrin (used in treatment of scabies), Sergliflozin
(anti-diabetic drug), and HIV-1 integrase inhibitor (antiretro-
viral drug). Biochemical approaches are popular due to their
catalyst-controlled selectivity,”® and often utilised for the direct
abstraction of the hydrogen atom for C-H oxidation reac-
tions.>” Due to the challenging tunability of these catalysts or
reagents, which require tedious synthetic procedures, the
focus has recently been shifted towards more sustainable
electrochemical hydrogen atom transfer-based mediators.*®
N-Alkyl ammonium ylides served as a new class of reactive rad-
icals, which have been selectively tuned by Baran and co-
workers and utilised for the oxidation of inactivated C-H
bonds.’**° The developed strategy was based on a structure-
agnostic approach, wherein a desired catalytic cycle was mod-
elled prior to mediator selection (Scheme 5b). The key catalytic
steps are: (a) abstraction of hydrogen by a radical mediator; (b)
deprotonation to regenerate a radical precursor; and (c) gene-
ration of an oxidised product, along with the regeneration of a
radical mediator. The remarkable ability for the generation of
tertiary alcohol products was observed in quinuclidine-
mediated oxidations.** Such chemo-selective electro-oxidative
approach was employed in the shortest route to the key inter-
mediate 48 for the synthesis of buspirone (49, anxiolytic drug),
and tiospirone 50, respectively.

This journal is © The Royal Society of Chemistry 2024
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Benzyl esters are omnipresent in natural products and
drugs, which have been conventionally synthesised via esterifi-
cation, transesterification, and often require high reaction
temperatures. Considering a sustainable and cost-efficient
approach, He and co-workers designed an electrochemical pro-
tocol, where the direct acyloxylation of benzyl C(sp®)-H bond
with amide was achieved.*' This strategy features metal- and
oxidant-free C(sp’)-H functionalisation with hydrogen gas
evolution, and exhibited good functional group tolerance.
Mechanistic studies suggested that the in situ oxidation of the
benzylic C-H bond led to the formation of benzylic carbo-
cation, which transformed into an imine via nucleophilic
attack of DMF. Hydrolysis of the imine intermediate furnished

This journal is © The Royal Society of Chemistry 2024

the benzyl-acyloxylated product. The protocol was employed
for the synthesis of food additives (54, imparts vanilla
essence), and a fragment of the natural product Schisantherin
A 55 serves as an antagonist of adiponectin receptor 2
(Scheme 6).

2,5-Diaryl substituted oxazoles are omnipresent in various
pharmaceutically active compounds, yet their synthesis is
associated with sacrificial oxidants, expensive transition
metals and generates stoichiometric waste. In 2023, Wang and
co-workers reported a metal-free electro-oxidative strategy of
2,5-diaryloxazoles that follows sequential C(sp®)-H and N-H
bond functionalisation, starting from aryl ketones and natu-
rally occurring o-amino acids.*”> The one-pot syntheses of
O-methylhalfordinol (59, an anti-proliferative natural product)
and texaline 60, and balsoxine 61 and texamine 62, known as
antimycobacterial agents, were synthesised in good to excel-
lent yield (Scheme 7).

Directing group-mediated electrochemical C-H halogena-
tion for the synthesis of haloarenes is a long-standing goal.*?
In 2017, Kakiuchi and co-workers reported the Pd-catalysed
ortho-chlorination using HCI under electro-oxidative con-
ditions. Benzamides bearing the 5,7-dichloro-8-quinolinyl
group, a bidentate-directing group, proved efficient for selec-
tive ortho-chlorination.** Vismodegib, an FDA-approved drug
used for the treatment of basal cell carcinoma, was obtained
using this electro-oxidative protocol. Reduction of the nitro
group in 67 in the presence of iron in acetic acid furnished 68,
which was coupled with acid 66, and resulted in vismodegib
69 in 70% yield (Scheme 8a).

Recently, Chen and co-workers reported on the catalyst and
oxidant-free electrochemical bromination of pyridine. It was
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Scheme 7 Electrochemical approach to 2,5-diaryloxazole: synthesis of
O-methylhalfordinol, texaline, balsoxine and texamine (ref. 42).

observed that the pyridines (having electron-donating groups)
control the regio-selective bromination. As proposed, under
mild conditions, the bromine radical coupled to produce
bromine gas, which further participated in aromatic electro-
philic substitution to achieve Int. 15, followed by deprotona-
tion, resulting in the desired product. This protocol was
further extended to the precursor of etoricoxib 75, an NSAID
drug (Scheme 8b).*’

The electrochemical C-3 formylation/acylation of indoles
via the one-pot Mannich reaction was reported by Zheng and
co-workers (Scheme 9a).%° It was observed that the amine used
for the Mannich reaction activates the aldehyde, which is then
removed via electrochemical oxidative C-N bond cleavage.
Using this strategy, 78 was obtained, followed by the synthesis
of GSK-3p inhibitors (79, against bipolar disorders) in a single
step. GSK-3P inhibitors are widely used in hepatic glycolysis
regulation, cell signalling pathway and phosphorylation of
various proteins, including treatments for cancer and
Alzheimer’s diseases.

Paracetamol, or N-acetyl-para-aminophenol (APAP), is one
of the highest consumed analgesic drugs. Synthesis of APAP
mostly depends on the N-acetylation of p-aminophenol.
However, these processes are associated with selectivity issues,
as well as the use of hazardous reagents and harsh reaction
conditions.*” In contrast, electrochemistry has enabled a
greener synthesis route to paracetamol directly from phenols,
employing the concept of the Ritter reaction (Scheme 9b).*8
The site-selective Ritter type amidation using acetonitrile, as
the nitrogen source, with phenol 80 resulted in paracetamol 81
in high yield.

2.3 Electrochemical cross coupling

Cross-coupling reactions largely contributed to chemical syn-
thesis, and are extensively utilised for complex molecular
scaffolds.*® However, the generation of halide waste, the use of
harsh reaction conditions, and the involvement of multi-step
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Scheme 8 (a) Pd-catalyzed C—H chlorination of benzamide derivatives
for the synthesis of Vismodegib (ref. 44), (b) electrochemical meta-bro-
mination of pyridines for the synthesis of Etoricoxib (ref. 45).

processes forced researchers to find more mild and sustain-
able synthetic routes. Often, the cross-electrophilic coupling
reactions were aided by metal catalysts or metal nano-particles,
and used in over-stoichiometric amounts.’® In this direction,
Sevov and co-workers reported an interesting cross-coupling
reaction using electrocatalysis (Scheme 10).”" Primary and sec-
ondary alkyl bromides were coupled with aryl, heteroaryl or
vinyl bromides, and resulted C(sp®)-C(sp®) bonds in the pres-
ence of a redox shuttle, which attenuates the over-reduction
and degeneration of the catalyst. Such redox shuttle serves as a
co-catalyst to shuttle electrons from the cathode to the anode.
The protocol was utilized in the synthesis of pridopidine (86),
which is used for Huntington’s disease and amyotrophic
lateral sclerosis.>
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Scheme 9 (a) Electrochemical C3-formylation: synthesis of GSK-3f Inhibitors (ref. 46), (b) direct synthesis of paracetamol: electrochemical Ritter

type C—H amination of phenols (ref. 48).
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Electrochemical sequential C-C and C-X bond formation
using decarboxylative cross-coupling has attracted potential
interest in recent times.’>* Sheng and co-workers reported an
electrochemical intramolecular decarboxylative coupling of
isatin and benzoyl hydrazines to 2-(1,3,4-oxadiazol-2-yl) aniline
derivatives (Scheme 11).**” The isatin moiety behaved as an
amino-attached C1 source. Late-stage functionalisation of the
desired products resulted in the ATP-binding cassette trans-
porter G2 inhibitor 90 and N-heterocycles having antibacterial
activity 93.

Quinazolinones have exhibited a broad range of biological
activities, and were identified as essential scaffolds in drugs,>”
and in natural products.’® Luotonin A and its derivatives,
having a quinazolinone core, serve against cancer cell lines.””
Primitive synthetic protocols for the synthesis of the quinazoli-

none  core condensation,”®*”  carbonylative
59a,b 60a,b

involve
annulation, and transition metal catalyzed annulation.
Such processes are limited by their harsh reaction conditions,
toxic solvents, and poor product selectivities. In this direction,
Ke and co-workers reported on the one-pot electrochemical
tandem reaction towards the synthesis of quinazolinones from
o-aminobenzonitrile and benzaldehyde.®"
catalyst in water, which complies with the concept of green
chemistry. Synthesis of the Gefitinib analogue 101 was

Iodine serves as a
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Scheme 11 Electrosynthesis of 2-(1,3,4-oxadiazol-2-yl) aniline deriva-
tives (ref. 54a).
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Scheme 12 Electrochemical synthesis of quinazolines (ref. 61).

obtained, which inhibits the growth of human colon cancer
cells HCT-116, human Lung Carcinoma Cells A549, and was
used for the treatment of human gastric cancer cells SGC-7901
(Scheme 12).

Oxidative carbonylation provides direct access to ynones,
present in various biologically active scaffolds.**” However,
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safety issues related to its handling and the hazardous CO
limited its applications in bulk industrial synthesis. Moreover,
oxidative carbonylation employing direct CO/O, mixtures is an
efficient alternative for easy access to carbonyl moieties.®®

In 2021, Lei and co-workers demonstrated an improved and
elegant Pd-catalyzed carbonylation protocol for the synthesis
of ynones using alkynes and aryl hydrazines. The anti-inflam-
matory drug and analgesic, 104 was synthesized using this
electrochemical carbonylative strategy (Scheme 13a).°* Brown
and co-workers demonstrated the impact of amides as main

NHNH,
a) Lei et. al. 2021

F@mz X

e F 104
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/@* b) Patel et. al. 2022
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Scheme 13 (a) Palladium-catalyzed oxidative Sonogashira carbonyla-
tion for the synthesis of the FSY drug (ref. 64), (b) electrochemical ami-
dation: svnthesis of bezafibrate (ref. 67).
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Scheme 14 Electrochemical tandem olefination and hydrogenation
with ammonia (ref. 70).
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building blocks used in almost 50% of pharmaceuticals,®
natural products and in polymers.®®**? In 2022, Patel and co-
workers reported on the electrochemical amidation of benzoyl
hydrazine/carbazate, employing primary and secondary
amines as coupling partners. Benzoyl hydrazine serves as a
potential acyl radical donor, which couples with amine, the
N-radical donor, thereby resulting in the desired amide. This
greener, metal-free electrosynthetic protocol enabled the two-
step synthesis of the Bezafibrate drug 108, which is widely
used for the treatment of hyperlipidemia (Scheme 13b).*”

The Horner-Wadsworth-Emmons (HWE) reaction is pri-
marily used for alkyl chain elongation,®® having wide appli-
cations in the synthesis natural products.®®** Cheng and co-
workers demonstrated a tandem electrochemical reaction
highlighting the cathodic reduction of the substrate with

View Article Online
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ammonia as the hydrogen donor in the presence of a base
(Scheme 14).7° A catalytic amount of base was generated elec-
trochemically from methanol and resulted in the phosphonoa-
cetate anion Int. 28. Thereafter, the HWE reaction resulted in
the desired products in high yield. Such metal and oxidant-
free protocol was employed in the synthesis of lipid raft modu-
lator 112 and potential anti-influenza derivative 113.

In 2023, Baran and co-workers reported on the nickel-cata-
lysed enantioselective double decarboxylative cross-coupling of
redox active esters and malonate derivatives.”'® The reaction
profile featured the formation of two radicals, where coupling
can be controlled by the careful choice of the ligand. A com-
parative study of the conventional synthetic pathways of a
series of various biologically active molecules and their electro-
chemical pathways was proposed in Scheme 15. For instance,
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Scheme 15 Enantioselective doubly decarboxylative C(sp®)-C(sp®) cross coupling (ref. 71a).
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Fluvirucinin B1 is a 14-membered macrolactam produced by
Actinomadura vulgaris, and is active against a variety of fungi,
as well as influenza A.”*” Penicitide A exhibited moderate cyto-
toxicity against pathogen Alternaria brassicae and the human
hepatocellular liver carcinoma (HepG2) cell line. Again,
3-amino chroman derivatives and compounds are also moder-
ately used in the treatment of depression and anxiety.

2.4 Electrochemical annulation or cyclisation

Intramolecular annulation reactions are commonly used as a
tool in the assembling of cyclic scaffolds with sequential for-
mation of new C-C or C-X bonds. Such processes are mostly
influenced by transition metals and the use of very strong
oxidents.”*** However, in terms of sustainability, an alterna-
tive solution is highly desirable. In 2018, Xu and co-workers
proposed the ferrocene-catalysed electrochemical dehydro-
genative cyclisation of 1,3-dicarbonyls via functionalisation of
C(sp*)-H/C(sp*)-H bonds. 1,3-Dicarbonyls were employed for
the facile oxidative cleavage of acidic hydrogen (activated by
the iron catalyst), and facilitated the generation of an electro-
philic carbon-centred radical. This protocol avoids the use of
organic oxidants and transition metal-catalyzed aerobic oxi-
dations used in earlier studies. Mechanistic studies confirmed
the formation of carbanion via abstraction of the a-C-H
proton, followed by a single-electron oxidation in the presence
of the anodically generated oxidised ferrocene. Cyclisation and
re-aromatisation gave access to the indole-based skeleton and
extended to the synthesis of the precursor of ketorolac 128,
known as an NSAID drug (Scheme 16).”%*

Xu et. al. 2018
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Scheme 16 Electrochemical dehydrogenative cyclisation to ketorolac
(ref. 73a).
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3a-Bromopyrrolindolines are useful elementary units and
provide access for late-stage functionalisation of C-Br bonds
with retention of the configuration.”*** Inspired by this idea,
Vincent and co-workers reported an eco-friendly electro-
chemical halocyclisation protocol via dearomatisation of tryp-
tophol, tryptamine and tryptophan derivatives, which are sig-
nificantly used for the total synthesis of various alkaloids. An
electrochemically generated electrophilic halogen intermediate
(Br') was formed via oxidation of the bromide salt (MgBr,),
which also served as the electrolyte, thereby minimizing waste
generation. The bromonium ion assisted in the C2-C3 double
bond de-aromatisation, leading to the final halocyclized pro-
ducts (Scheme 17).”>* Furthermore, the catalytic protocol was
employed in the synthesis of precursors of various biologically
active moieties, 132, 133, 135, and 137.

In 2022, Guo and coworkers developed an electrochemical
methodology for the di-functionalisation of alkynes
(Scheme 18).7%% Access to different indolizine aldehydes and

R? .
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Scheme 17 Electrochemical synthesis of 3a-bromofuranoindolines and
3a-bromonovrrolindolines (ref. 75a).
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(ref. 76a).

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d3gc04881k

Published on 25 March 2024. Downloaded on 5/1/2026 3:05:42 PM.

Green Chemistry

Phoz Chen et. al. 2020 so Ph
2
(+)C rﬂ Pt(-)
nBuANI (10 mol%) “
nBuyNPFg (2 equiv.), N,
1.7 mA, TFE-DCM (1:1), 12 h, 25 °C 141
35 examples
O Synthetic Application

$0,Ph
nBuyNF (5 equiv)

“ _ THF reflux

R'= OMe, R%=H, R%= CO,Me
R'= OMe, R2=OMe, R3= CO,Me —— Clausine H, 78 %

2R1

Clausine C, 93 %

R'= H, R%=0OMe, R3= CO,Me —— Clausine L, 87 %

|
(909
Me’ 143 OMe

Glycozoline, 73 %

SO,Ph

S50,
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amination-enabled alkaloid clausine syntheses (ref. 77).
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ketones via intramolecular amino-oxidation was obtained in a
single step.

Chen and co-workers developed a metal-free electro-
chemical protocol for de-hydrogenative C-H bond amination
of arylsulfonamides.”” Iodination at the N-centre of sulfona-
mide in the presence of a strong base resulted in the homolytic
cleavage, including the N-centred radical. The reactive radical
facilitates an intramolecular cyclisation with an aryl ring.
Finally, deprotonation followed by re-aromatisation furnished
the carbazole scaffold. The catalytic protocol was employed in
the synthesis of clausine, a naturally occurring alkaloid as pre-
sented in Scheme 19.

5-Bromoindolines are substantially found in many natural
products and bioactive compounds.”®**? Classical approaches
for the synthesis of these moieties required stoichiometric
amounts of potent brominating regents, such as bromine gas,
NBS, and BBr;.”°*” The frequent handling and storage of such
brominating regents raised serious concern. In this direction,
Ren and co-workers designed an electrochemical protocol for
dearomative halocyclisation in the presence of NaBr, serving
as a reactant as well as electrolyte in water. Considering the
mutual effect of bromide electro-oxidation and reductive hydro
de-bromination, two different products 145 and 146 were
obtained (Scheme 20).2° The process was employed in the syn-
thesis of the histamine derivative 148.

2.5 Electrochemical asymmetric transformations

Chiral compounds bearing heterocycles are of significant
interest in pharmaceutical industries.®*“? In this direction,
the enantioselective pyridinylation that was demonstrated by
Cheng and co-workers using a chiral palladium-complex is
noteworthy. The chiral palladium-complex played dual roles as
the chiral catalyst, as well as electron-transfer mediator, in the
asymmetric allyl-pyridinylation process (Scheme 21a).%?
4-Cyano-pyridine has proven to be the most adapted pyridyla-
tion reagent in photoredox-, electro- and in thermal

This journal is © The Royal Society of Chemistry 2024
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Scheme 20 Electrochemical synthesis of 3a- or 5a-bromoindolines
and histamine core in water (ref. 80).

catalyses.®>*° It was observed that the in situ generated Pd(0)-

species facilitated the allyl Pd(u)-complex Int. 39 with cinnamyl
acetate. This allyl complex undergoes cathodic reduction, fol-
lowed by electron transfer to 4-cyano-pyridine 149, resulting in
complex Int. 41. The subsequent reductive elimination furn-
ished the pyridinylated product 151. Syntheses of the tachyki-
nin/serotonin-reuptake inhibitor 153, used as antidepressants,
and the calcium receptor modulator 155, which maintains
calcium levels in blood, were obtained in high yield.

Chiral nitriles have wide application in pharmaceuticals,
cosmetics, and in agrochemical industries.®*** In 2020, Lin
and co-workers demonstrated the synthesis of a series of chiral
nitriles, merging two parallel radical cycles, which took place
at the anode. It was observed that the cobalt-catalysed hydro-
gen atom transfer and copper-catalysed cyanation for the di-
functionalisation of an alkene are the key for successful trans-
formations (Scheme 21b).*> BOX-type ligands were used to
control the product selectivity imparted by steric hindrance.
Moreover, the presence of ester functionalities on the ligand
coordinated with the substrate, and is the key for C-CN bond
formation. Mechanistic studies revealed that cobalt-hydride
species Int. 44 was generated using a hydrosilane, and reacted
with alkene. As proposed, in another catalytic cycle, the Cu"-
CN intermediate Int. 45 is formed. Finally, the reductive elim-
ination completed the hydrocyanation cycle, and produced
reactive copper and cobalt species. Catalytic protocols were
used in the synthesis of the drugs, naproxen and duocarmycin,
including the precursor for palonosetron 161, which is used to
prevent nausea and vomiting.
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Scheme 21 (a) Palladium-catalyzed asymmetric allylic 4-pyridinylation (ref. 82). (b) Dual electrocatalysis enables enantioselective hydrocyanation

(ref. 85).

2.6 Electrochemical dimerisation

TMTD 163, or thiram (tetramethylthiuram disulphide), is an
important fungicide produced by a number of plants, and is
It has wide appli-
cations as an activator in the rubber industry.’” However, the
conventional synthesis of such compounds is associated with
over-stoichiometric waste. In this direction, electrochemical
dimerisation has become increasingly attractive, owing to the

widely used in crop and seed protection.®**”
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facile and direct access to a plethora of biologically and phar-
maceutically active compounds. In 2023, Terent'ev and co-

tic studies

workers utilised a combination of amines and carbon disul-
phide under constant current conditions in an undivided
electrochemical cell for the synthesis of thiram and its ana-
logues (Scheme 22a).%® Potassium iodide played dual roles as a
redox active catalyst and an electrolyte. As proposed, mechanis-

suggested that a hydroxide anion formed at the

cathode and assisted the formation of di-thiocarbamate via

This journal is © The Royal Society of Chemistry 2024
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a) Terent'ev et. al. 2023

H
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KI (1 mmol) |
+ cc, 3.8 Fimol, THF/MeOH, rt S 163 CHs
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(@] Plausible Mechanism (Fungicide) e}

N___S
He™ c”

162 " ¢
Int. 47 S

Cathode |

b) Paul et. al. 2023

OEt
+)Pt

0.8 V vs Ag/Ag*
H TEMPO (0.5 equiv.),

N NaH (1.5 equiv.)
\ NH4PFg (5 equiv.), Ar
80 min, dry MeCN, 25 °C

HCHO (aq.)
NaBH(OAc)s

NG 1
mer  Me

167 166
(%)-Folicanthine (+)-Chimonanthine

Scheme 22 (a) Electrochemical dimerisation for the synthesis of fungi-
cides (ref. 88). (b) Electrochemical dimerisation of 3-substituted-2-oxi-
ndoles for the syntheses of folicanthine and chimonanthine (ref. 90).

nucleophilic attack of 162 on CS,. Next, iodide was oxidised to
molecular iodine at the anode and simultaneously assisted the
dimerisation to 163.

Oxindoles are omnipresent in various naturally occurring
organic compounds. Similarly, dimerised 3-substituted 2-oxi-
ndoles are present in the core structure of a range of bis(cyclo-
tryptamine) and tris(cyclotriptamine) alkaloids.®**? Bisai and
Paul demonstrated an indirect electrochemical methodology
using TEMPO as the redox mediator, thereby circumventing
electrode passivation, which resulted in the direct oxidation/
reduction at the electrode surfaces. This protocol allows the
dimerisation of 3-substituted 2-oxindoles under constant
potential  electrolysis in a  three-electrode  setup
(Scheme 22b).*°

The oxidation potentials of 2-oxindoles were responsible for
driving either two-electron or one-electron-transfer pathways.
Furthermore, this simple and environment-friendly strategy
has been employed in the total synthesis of dimeric hexahy-
dropyrrolo[2,3-b]indole alkaloids, and (+)-chimonanthine 166,
which can be easily converted to another alkaloid (x)-foli-
canthine 167 using aqueous paraformaldehyde and sodium
tri-acetoxyborohydride.

This journal is © The Royal Society of Chemistry 2024
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2.7 Heterogeneous electrochemical transformations

The Achmatowicz reaction converts biomass-derived furfuryl
alcohols to di-hydropyranone acetals, and often generates a
new chiral centre. The Achmatowicz rearrangement also allows
the application of N-bromosuccinimide, meta-chloroperoxy-
benzoic acid, dimethyldioxiran, and mono-oxygenase for the
generation of hydropyranones.”’®> However, these chemical
oxidations require stoichiometric oxidants and expensive or
toxic solvents. Therefore, a more sustainable and benign
technology is highly desirable for such transformations. Sun
and co-workers demonstrated a heterogeneous version of this
rearrangement under electrochemical conditions
(Scheme 23a).°® The heterogeneous Ni-electrocatalyst was syn-
thesized via photo-induced immobilisation of 5,5-divinyl-2,2"-
bipyridine (DVBP). Incorporation of nickel was achieved in
unsaturated coordination spheres, thereby establishing the
interaction between furfuryl alcohol and nickel, which in turn
enabled hydroxide transfer from nickel to furfuryl alcohol.
This facile electrochemical protocol demonstrated the syn-
thesis of (—)-Aspergillide A 171 and halichondrin 173.

One of the major pollutants generated via combustion of
fossil fuels are nitrous oxides (NO,), which has caused hazar-
dous environmental issues over the years. Despite the urge to
develop efficient and inexpensive NO, removal techniques,

OH
a) Sun et. al. 2021
E°>_\ Ni-DVBP, 1.4V vs Ag/AgCI | o
% OH  Phosphate buffer (pH 7)
168 Divided cell, o 169
O Synthetic Applicati%r:_1 O

HO"

() - Aspergillide A C1-C15 domain of

halichondrins

b) Li et. al. 2023
o} NH,

AD-Fe/NC R OH

NO + 7e” + TH*
174° 1750
(@) Synthetic Application O
o o o
NH, NH, NH,

176 177 178
Val:ge Leucine, o AIan@e
HO.
HoN \)J\ OH OH
OH

O  NH, NH,

179 180 181
glycine Aspartic acid 2-aminobutyric acid

Scheme 23 (a) Electrocatalytic synthesis of heterocycles from
biomass-derived furfuryl alcohols (ref. 96). (b) Electrocatalytic synthesis
of essential amino acids (ref. 98).
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many of these methods depend on harsh conditions employ-
ing high energy or the use of expensive precious metals.””*?
However, the electrochemical NO, reduction into value-added
chemicals is a promising technology. In 2023, Li and co-
workers reported the first method for the synthesis of essential
a-amino acids from o-keto acids via an electroreductive NO fix-
ation strategy (Scheme 23b).°® The catalytic reaction was per-
formed in aqueous media using an atomically dispersed Fe-
catalyst on a N-doped carbon matrix (defined as AD-Fe/NC).
The formation of amino acids required three steps, as
suggested by in situ X-ray absorption fine structure (XAFS) and
synchrotron radiation infrared spectroscopy (SRIR). As pro-
posed, the initial formation of oxime via C-N coupling is
crucial. Subsequently, the hydrogenation resulted the amino
acid.

2.8 Miscellaneous electrochemical transformations

Recently, Lennox and co-workers established an improved
route towards the synthesis of difluoromethyl ketones from tri-
fluoromethyl ketones following hydro-defluorination techno-
logy, which circumvents the need of stoichiometric metals.”
Trifluoromethyl ketones were efficiently reduced at the anode
and reacted with TMSCI, followed by second reduction and
subsequent dehydrofluorination, which resulted in the desired
products 184 and 185 (Scheme 24).

Recently, Baran and co-workers described an elegant and
simple electrochemical protocol for the transformation of acti-
vated acids to their borylated analogues (Scheme 25).
Borylated compounds are one of the useful intermediates used
for various functional group transformations. This electro-
chemical transformation was employed in the synthesis of the
precursor 190 of jawsamycin 191, an oligocyclopropyl contain-
ing natural product with antifungal activity."*

Very recently, Ma and co-workers reported an interesting
electrochemical sulfonylation of organoboronic acids to func-
tionalised sulfones under metal-free conditions
(Scheme 26)."°* Bench-stable sodium arylsulfinate salts 194

Lennox et. al. 2021
(+)Pt'_| ﬂ Pt(-)

. o}

. . 1 Me3SiCl (3.0 equiv)
e é’leﬁ‘%g(g'gequ'.v);EL,NPFS(Z.Oequiv) )J\ _H

R™ " 14NPFe (2.0 aul) L gy Ner 2.0 equiv) R E
2

cc 5 mA, 2.0 F (19300 s), MeCN, rt 183
182 40 examples
O Plausible Mechanism Synthetic Application

182

O
o
CFoH
X
183

TMSCI, +e”
OoTMS
[ 184
-g R CF3 BupN CF,H analogue of
£ + _
- Int. 48 +H Chromionophore dye
o
+e N= [e)
|
oTMS  .F- oTMS A/
—_— /& CF,H
RO cr, RENNCE> 185
Int. 49 Int. 50 Antimalarial

Scheme 24 Electrochemical hydrodefluorination to difluoromethyl
ketones (ref. 99).
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Baran et. al. 2021
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Scheme 25 Electrochemically enabled borylation for the synthesis of
Jawsamycin (ref. 100).

were used for this transformation, and overcome the associ-
ated limitations of conventional sulfonylating agents, such as
sulfonyl halides and sulphur dioxide. This metal- and oxi-
dative-free protocol enabled the synthesis of biologically active
sulfone dapsone 197, which is widely used as antibacterial
drug in combination with rifampicin and clofazimine for the
treatment of leprosy.

The pyrazole core is omnipresent in various anti-cancer
drugs, and has attracted significant biological importance due
to its anti-psychotic, anti-inflammatory, as well as anti-bac-
terial properties. Conventional processes for their synthesis
are associated with stoichiometric oxidants and other toxic
chemicals.'®® However, electrochemical transformations of
pyrazoles represent a greener and sustainable approach.'®*71%¢
In 2023, Waldvogel and co-workers reported an oxidative
electrochemical approach for the transformations of pyrazo-

Ma et. al. 2023

(+)C fﬂ Pt(-) i= 15mA 0. 0

N
Ar—SO;Na 4+ R—B(OH), S
Et,NBF, (0.2 mol%) A7 R
MeCN/H,0 (5:1), 5 h, rt
194 195 air 230 196 |
Ar=R = p-CICgHs examples
O Synthetic Application O
o)
o=d
196 Cu,0, DMSO =s NH,

Ar=R=pClCeHs  \1, 25% in H,0)

197
Dapsone
H,N drug used to treat leprosy

Scheme 26 Electrochemical sulfonylation: synthesis of antibacterial
drug dapsone (ref. 101).
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Waldvogel et al., 2023
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Scheme 27 Electrochemical oxidative aromatisation for the synthesis
of pyraclostrobin (ref. 107).

lines to pyrazoles mediated by NaCl, acting as a supporting
electrolyte, as well as mediator (Scheme 27).'°” Robust and
abundant boron-doped diamond electrodes, in combination
with a green solvent system, water and ethyl acetate, facilitate
the transformations in high yield. Analogous to previous litera-
ture, the authors have also proposed an ionic mechanism for
this oxidative aromatisation vig initial chlorination at the
2-position of nitrogen atom. Subsequently, a proton is elimin-
ation followed by aromatisation via removal of HCI, which
results in the desired product. Synthesis of the key intermedi-
ate of fungicide pyraclostrobin 202 was obtained using this
process. Again, double electrochemical conversion of ethyl
glyoxalate phenyl hydrazine 203 to 204 established the syn-
thetic potential of the protocol.'®

3. Conclusion and outlook

Electrochemical organic transformations widely used to
streamline the synthesis of complex molecules are evident
from the illustrations provided in this review. Utilisation of
toxic gases, such as carbon dioxide, nitrous oxides (NO,, a
major air pollutant), has remained challenging owing to their
activation and insertion into an organic moiety. These chal-
lenges have been successfully overcome using modern electro-
chemical techniques. Applications of organic electrochemistry
have proven to be robust and sustainable in contrast to conven-
tional methods via replacement of stoichiometric amounts of
hazardous reagents with electrons. There are numerous advan-
tages that rate electrochemistry as superior to conventional
strategies in terms of its sustainability. For instance, electro-

This journal is © The Royal Society of Chemistry 2024
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chemical strategies minimised the waste generation, improved
efficiency, can be used under mild operational conditions, and
enabled direct target molecule synthesis with greater product
selectivity. The ability of scaling up electrochemical reactions
via utilisation of flow electrochemical cells has been the most
significant advantage observed so far. This has enabled the
direct commercialisation of a proposed synthetic strategy in
industrial scales. Such technique considered as a major chal-
lenge in industrial synthesis using chemical reagents, as a
large amount of wunwanted waste is generated.
Electrochemistry has immensely outshined our expectations
towards achieving a greener chemical outlook, and would
streamline the roadmap for further development.
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