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Electrosynthetic C—F bond cleavage
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Fluorinated organic compounds are common among pharmaceuticals, agrochemicals and materials.

The significant strength of the C—F bond results in chemical inertness that, depending on the context,

is beneficial, problematic or simply a formidable synthetic challenge. Electrosynthesis is a rapidly expand-
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1. Introduction

Fluorinated organic compounds have widespread use as
pharmaceutical motifs, agrochemicals and materials due to
their unique physical, chemical, and biological properties. For
example, incorporation of fluorine in molecules can result in
increased lipophilicity, bioavailability and metabolic stability."
Fluorine has the highest electronegativity of all elements in the
periodic table’ and forms highly polarized bonds with carbon,
similar to its heavier halogen congeners. However, the C-F bond
is significantly stabilized by the electrostatic attraction between

“Department of Chemistry, KTH Royal Institute of Technology, SE-100 44 Stockholm,
Sweden. E-mail: hellundb@kth.se
bNovogensys Ltd, Dunnet, Kirrenleigh, Thurso KW14 8YD, UK

Johannes L. Rockl is currently a
Senior  Scientist at  RISE,
Research Institutes of Sweden in
Sodertdlje, Sweden. He received
his Ph.D. under supervision of
Prof. Dr Siegfried R. Waldvogel
at Johannes Gutenberg
University Mainz in Germany
and Prof. Dr Bill Morandi at
ETH Zurich in Switzerland,
working mainly on novel electro-
synthetic and catalytic trans-
formations. In 2021, he joined
the group of Dr Helena Lundberg
at KTH Royal Institute of Technology in Stockholm in Sweden,
focusing on kinetic analysis and novel electroreductive reactions.

Johannes L. Rockl

This journal is © The Royal Society of Chemistry 2022

ing methodology that can enable new reactivity and selectivity for cleavage and formation of
chemical bonds. Here, a comprehensive overview of synthetically relevant electrochemically driven proto-
cols for C-F bond activation and functionalization is presented, including photoelectrochemical

the positively polarized carbon and the negatively polarized
fluoride.> This stabilization is reflected in the considerably
higher dissociation energies of C-F bonds*” compared to other
carbon-halide bonds (Fig. 1) and affects the kinetics for their
cleavage, resulting in low reactivity of fluorocarbons.® This rela-
tive chemical inertness is evident in everything from classic
polar nucleophilic substitution reactions of alkyl halides® to for-
mation of carbon centered radicals via reductive dissociative
electron transfer in e.g. cross-electrophile coupling (XEC) reac-
tions” and halogen atom transfer (XAT) processes® as well as in
transfer halogenation of alkenes.” Depending on the context, the
chemical inertness of the C-F bond can be viewed as beneficial
(e.g. metabolic stability of pharmaceuticals), problematic (e.g.
persistence of per- and polyfluoroalkyl substances - PFAS) or
simply an intriguing synthetic challenge.
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Fig. 1 Top: Bond dissociation energies for aromatic and aliphatic C-X
bonds.* Bottom: Oxidative addition, nucleophilic substitution, and
reductive cleavage of C-X bonds.

While fluorides are typically introduced into a compound
for the macroscopic properties they give rise to, selective
defluorination can be of high synthetic benefit. For example,
such a strategy can enable the use of trifluoromethyl groups as
precursors for difluoromethyl (CF,H) groups that have received
significant attention for medicinal chemistry applications.'
Despite the low reactivity of C-F bonds, synthetic strategies are
available for their cleavage. The most common approach relies
on elimination through an ElcB mechanism, including
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nucleophilic aromatic substitutions.>'! In these processes, an
inductively stabilized anion is formed adjacent to a fluoride
and subsequently undergoes an irreversible elimination step
to form a double bond with release of the halide. In addition,
C-F bond activation via a variety of mechanisms has been
reported using e.g. transition metal catalysis,"” Lewis acids
based on main group elements,>"? early transition metals and
lanthanides''* and low-valent metal reagents.'®'®> Recent
developments in radical synthesis have also delivered new
methods for C-F bond cleavage, including photo- and electro-
chemical strategies.'® The latter is becoming an increasingly
popular synthetic approach, due to the prospects of new reac-
tivity and selectivity, as well as resource friendly synthesis that
follows with electricity as terminal reagent.'”” While excellent
reviews summarizing the principles of and synthetic possibili-
ties for electrosynthesis have been published lately,'® a com-
prehensive overview of electrochemical protocols for C-F bond
cleavage is missing in the literature to date. To address this
gap, this review discusses synthetically relevant protocols for
electrochemically promoted C-F bond cleavage from the 1950s
to present, along with mechanistic details, with the overarch-
ing aim of promoting further developments in the field.
Electrochemically driven degradation of PFAS was recently sur-
veyed and is thus not included in the present review.'>?° In all
figures throughout this review, the anode is found to the left
and the cathode to the right when depicted above a reaction
arrow.

2. Cleavage of C(sp?)—F bonds

Electroanalytical studies of C-F bond cleavage in fluoroben-
zenes were first reported more than 50 years ago,>"?* establish-
ing that the standard reduction potential for fluorobenzene
was close to —3 V vs. SCE.>*** One of the first synthetic proto-
cols for hydrodefluorination of fluoroarenes was reported by
Kariv-Miller et al.>® Using a Hg pool cathode in the presence of
dimethylpyrrolidinium tetrafluoroborate ((DMP)BF,), selective
monodefluorination of 1,3-difluorobenzene to fluorobenzene
was achieved in 85% yield using a divided cell setup (Fig. 2,
top). A constant current of 1.25 mA cm™2 at 2 °C and 2 F mol ™"
was found optimal for the monodefluorination, whereas
higher current densities resulted in over-reduction to benzene.
While the selectivity for monodefluorination was kept intact,
the concentration of both water and (DMP)BF, was found to
influence the yield due to competing hydrogen evolution. The
optimized conditions were also amenable for reduction of
fluorobenzene to benzene in 75% yield. The mechanism was
probed using cyclic voltammetry, revealing an increase of
cathodic current and decrease of anodic current for (DMP)BF,
in the presence of substrate, indicative of catalysis. Supported
by separate studies,® the authors proposed that a catalytically
active “amalgam” of DMP' and mercury forms upon single
electron reduction at the cathode. This mediating surface was
claimed to react with the fluorinated substrate to form the
corresponding radical anion that, in turn, decomposes to an

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Top: Selective monodefluorination of 1,3-difluorobenzene.?®
Middle: Defluorinative reductive cyclization.?” Bottom: Mechanistic pro-
posal for reductive hydrodefluorination.?>=%”

aryl radical with release of fluoride (Fig. 2, bottom). A second
single electron transfer to the aryl radical followed by protona-
tion would thereafter form the hydrodefluorinated arene
product. This mechanistic proposal was further supported by
studies on defluorinative cyclization of o-(3-butenyl)fluoroben-
zene at Hg and Pb cathodes in the presence of catalytic
amounts of DMP*.>” From experiments with cyclic voltamme-
try and preparative electrolysis, it was found that the DMP' ion
enabled a shift in reduction potential from —2.9 V to —2.75 V
vs. SCE for reduction of the substrate, thus supporting the idea
of its mediating effect for the electron transfer. In addition, a
selectivity enhancement for cyclization product 1-methyl-
indane over hydrodefluorination product 3-butenylbenzene
was observed in the presence of DMP" (Fig. 2, middle). The
cyclization pathway was proposed to proceed via the same aryl
radical intermediate as the hydrodefluorination product
(Fig. 2, bottom), followed by rapid intramolecular cyclization
and subsequent single electron reduction/protonation to
afford the defluorinated indane product. The solvent, residual
moisture or the tetrabutylammonium cation of the supporting
electrolyte was hypothesized to serve as proton source.
Hydrodefluorination of a limited number of 7-piperazino-
quinolones under electroreductive conditions was reported by
Albini and co-workers (Fig. 3).>® Similar to Kariv-Miller’s find-
ings,”®> selective monodefluorination of position 8 in 6,8-
difluorinated lomefloxacin was achieved after 2 F mol " and
defluorination of the monofluoride-containing enoxacin was

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Electrochemical hydrodefluorination of fluoroquinolones.2®

observed. In contrast, norfloxacin resulted in a mere 10% yield
of defluorinated product along with side-products. The higher
yields and selectivities for enoxacin and lomefloxacin com-
pared to norfloxacin correlated with the reduction potentials
of the compounds observed by differential pulse voltammetry.
While distinct reduction waves were observed for the former
two, the cathodic wave of the latter was found very close to
that of the electrolyte solution. This difference was argued to
result from the substitution pattern of the heterocyclic com-
pounds, resulting in greater or lesser stabilization of the
hypothesized intermediate aryl radical and, hence, a more or
less selective reaction. Selective monodefluorination of methyl-
2,6-difluorobenzoate was also reported by Périchon and co-
workers in the presence of 10 mol% SmCl;.*° While no
mechanistic details were conveyed, the catalyst afforded a
selectivity switch from ester reduction to defluorination.
Defluorination of the monofluoride product was not observed
under the applied conditions.

Wu et al. described electrochemical hydrodefluorination of
fluoroaromatic compounds in the presence of borohydride
reagents.’® Using platinum electrodes in an undivided cell, the
electrolysis was carried out in diglyme or N-methylpyrrolidine
(NMP) at constant current to provide 15 examples of the corres-
ponding hydrodefluorinated products of mono- and perfluori-
nated arenes in good to excellent yields (up to 98%) (Fig. 4).
Labelling experiments revealed that deuterium incorporation

= Flectrochemical defluorination in presence of borohydride reagents

20 mA (2 equiv.)

BuyNBF, or NaBF (0.2 M)

0.1M) diglyme or NMP 15 examples
r.t., air 70 - 98%
70% 89% 97% 80%

Fig. 4 Electrochemical hydrodefluorination of aryl fluorides in the
presence of borohydride reagents.*°
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occurred to only a minor extent in the presence of sodium
borodeuteride, whereas GC-MS analysis indicated the presence
of tributylamine in the crude reaction mixture when Bu,NBF,
was used as electrolyte. Based on these findings, it was hypoth-
esized that the tetrabutylammonium cation serves as hydrogen
source rather than the hydride reagent. Similar to Kariv-
Miller’s proposal,>®*® the cathodic defluorination was
suggested to proceed via stepwise dissociative electron transfer
with a radical anion intermediate that decomposes to the
corresponding fluoride and an open shell aryl species.
Reductive radical-polar crossover’" by a second SET to the aryl
radical forms the corresponding aryl anion and, subsequently,
the final product upon protonation.

The formation of aryl radicals via stepwise dissociative elec-
tron transfer with an intermediate radical anion is a com-
monly envoked mechanism for electrochemical C(sp*)-F bond
cleavage in aryl fluorides (Fig. 5, top).>>*®?%?? Nevertheless,
alternative mechanisms have been proposed in certain cases,
suggesting that an initially formed arylfluoride radical anion
can undergo chemical steps prior to C-F bond cleavage.”>**
An interesting case of a substrate-dependent mechanistic
switch was reported by Muthukrishnan and Sangaranarayanan
for electrochemical defluorination of fluorobenzoates (Fig. 5,
bottom).>* Voltammetric studies of methyl-2-fluorobenzoate at
high scan rates revealed a reversible electron transfer, indica-
tive of a stable radical anion with decomposition to the corres-
ponding aryl radical and fluoride being rate limiting. In con-
trast, methyl-4-fluorobenzoate was found to undergo electro-
dimerization rather than hydrodefluorination. After systematic
voltammetric studies and with support by analogous dimeriza-
tion of 4-fluorobenzonitrile®® and pentafluoronitrobenzene,>®
the authors concluded that the dimerization likely occurs
between initially formed radical anions, followed by C-F bond
cleavage. DFT calculations for both fluorobenzoate substrates
indicated that the n* orbital of the extended aromatic system is
the initial electron acceptor, with the charge subsequently

Stepwise dissociative electron fransfer to aryl fluorides

‘

@

Sub: dependent C-F bond cleavage h
ArF N ArF 1T Ar® ——
_ F — r T»

©

F

o
2 ArF 2 ArF — (ArF)z ? Ar,

F
0
o)
E
_O. Ji ]
o
Fig. 5 Top: Mechanism for stepwise defluorination of aryl fluorides.
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being transferred to the C-F ¢* bond and resulting bond
cleavage.

Electroreductive polymerization of polyhalogenated arenes
with concomitant C-X bond cleavage was recently reported by
Ekinci and co-workers.?” In this reductive synthesis, polyaro-
matic compounds were formed on the surface of silicon or
gold cathodes from polyhalogenated starting materials, includ-
ing hexafluorobenzene, and were subsequently treated ther-
mally to form graphene-like films. Mechanistically, it was pro-
posed that the coupling reaction either occurs between two
radical anions, similar to the mechanism envoked for dimeri-
zation of methyl-4-fluorobenzoate,® or via dimerization of
neutral aryl radicals. The latter coupling type is commonly
deemed unfavorable due to the propensity of aryl radicals to
undergo further electron transfers or hydrogen atom transfer
events.>®3° However, voltammetric studies of hexafluoroben-
zene suggested that the dissociative electron transfer may take
place in a concerted rather than a stepwise manner under the
applied conditions. Alternative pathways, such as intermediate
aryl anions taking part in nucleophilic aromatic substitutions
(SnAr), were not discussed.

Senboku et al. reported a defluorinative electrocarboxyla-
tion protocol for polyfluorinated arenes with carbon dioxide.*°
Constant current electrolysis in an undivided cell equipped
with a Pt cathode and a Mg anode at —40 °C resulted in mono-
carboxylated polyfluorobenzoic acids as products in moderate
to good yields and high regio- and chemoselectivity (Fig. 6,
top). Lower yields were obtained using either higher reaction
temperature or higher current density. Methoxy and acetoxy
groups, as well as a benzylic alcohol protected as the tetrahy-
dropyran (THP) acetal, were tolerated under the applied con-
ditions and resulted in selective carboxylation in para position
(Fig. 6, bottom). The transformation was proposed to proceed
via stepwise dissociative electron transfer, followed by radical-
polar crossover to form the aryl anion (see Fig. 5, top). This
species would, in turn, react with CO, to form the magnesium
carboxylate by interaction with the ions from the dissolving
metal anode and, eventually, the polyfluorinated carboxylic
acid products upon acidic workup.

Electrocarboxylation with C(sp?)-F bond cleavage was
reported by Xie et al. using gem-difluoroalkenes as starting

E/ez:[mcarbaxy/atiun of per d arenes

FP—I{] via F
F co, COH | F 1)
(bubbling
R F__SmAlm? through) | R F R F
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DMF, -40 °C, 3 F/mol 5 examples, 44-84%
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Fig. 6 Defluorination/carboxylation of polyfluorinated arenes.*°
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material.*! Under constant current electrolysis in an undivided
cell, 20 a-fluoroacrylic acids were demonstrated with up to
83% yield and 20:1 Z:E selectivity (Fig. 7, top). The protocol
displayed tolerance towards functional groups such as car-
boxylic esters and amides, sulfones, nitriles, and alkynes and
allowed for selective dehalogenation of the olefinic fluorides,
whereas both aromatic and benzylic fluorides remained intact.
Based on cyclic voltammetry studies, and in contrast to
Senboku’s anionic electrocarboxylation mechanism,’® it was
proposed that the initially formed radical anion is involved in
the C-C bond formation prior to C-F bond cleavage (Fig. 7,
bottom).>>*73¢ gingle electron reduction of the resulting
C-centered radical followed by fluoride displacement via an
E1cB mechanism would thereafter furnish the product as car-
boxylate. Dissolution of the nickel anode was proposed to
serve as the oxidative counter reaction in the process. For syn-
thetic ease, the carboxylate products were converted to the
corresponding methyl esters as the final step to facilitate iso-
lation and analysis.

Xu et al. reported on electrocatalytic hydrodefluorination
protocols for fluorinated aromatic compounds.””** In a
divided cell equipped with either a Rh- or a Rh-Pd alloy-modi-
fied Ni foam cathode with phosphate buffer (pH ~3) and a
graphite anode at constant current electrolysis, hydrodefluori-
nated products were formed in high yields. In some cases, the
aromatic hydrodefluorinated products underwent further elec-
troreduction to afford saturated counterparts. For example,
4-fluorophenol was transformed into phenol (~5%), cyclohexa-
none (~25%) and cyclohexanol (~70%) as end products using
the Rh-Pd alloy-modified Ni cathode (Fig. 8).*> Such reduction

Electrocarboxylation of difluor
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Fig. 7 Top: Defluorination/carboxylation of gem-difluoroalkenes.**
Bottom: Proposed mechanism.
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Fig. 8 Hydrodefluorination/hydrogenation of fluorophenol on tran-
sition metal modified cathode.*®

of the aromatic ring had previously been reported by Trnkova
and co-workers for fluorobenzene using a polycrystalline Pt
cathode in aqueous H,S0,.** Mechanistic studies and control
experiments indicated that the hydrodefluorination on the
modified Ni foam was likely to follow an indirect hydrogen-
ation mechanism with in situ formed metal hydrides on the
cathode surface, similar to hydrogenations using late tran-
sition metal catalysts and hydrogen gas.*

Lambert and Huang recently developed an electrophotoca-
talytic SyAr reaction of non-activated aryl fluorides and nucleo-
philes to forge C-N and C-O bonds.*® Using 10 mol% 2,3-
dichloro-5,6-dicyanoquinone (DDQ) as photocatalyst under
blue light irradiation at constant potential, 40 examples of
defluorinated coupling products were formed in moderate to
high yields (Fig. 9, top). In contrast to fully electrochemical
protocols, this photoelectrocatalytic protocol was claimed to
undergo an oxidative pathway to afford the C-F bond cleavage
(Fig. 9, bottom). Mechanistically, photoexcitation of DDQ
results in an excited catalyst species able of oxidizing the
fluoroarene. Nucleophilic attack on the resulting radical cation
intermediate furnishes a radical that, in turn, undergoes a
single-electron reduction to the corresponding anion. Re-aro-
matization with expulsion of the fluoride results in the SyAr
product. Due to the poor reducing power of the radical anion
of DDQ, this species was deemed insufficient to mediate the
reduction of the aromatic radical intermediate and, hence,
that this step as well as the re-oxidization of the photocatalyst
are accomplished electrochemically.

3. Cleavage of C(sp®)—F bonds

C(sp®)-F bonds have lower bond dissociation energies (BDE)
compared to their C(sp®)-F counterparts, with C-F bonds in
n-activated positions being weaker compared to fully aliphatic
counterparts (Fig. 1). The latter property is reflected in the
number of synthetic protocols available for cleavage of the
different aliphatic fluorides using any defluorination method,
including electrosynthesis. The BDE of C(sp®)-F bonds
increase with the degree of fluorination of the carbon. For
example, the BDE has been determined to increase from
99 kcal mol™ to ~115 kecal mol™" for the C-F bond when
going from o-fluorotoluene to a,o,o-trifluorotoluene.”’ As a
result, selective partial defluorination of polyfluorinated sites
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Proposed

is challenging since the C-F bonds in the products of the
sequential defluorination are more easily cleaved compared to
those in the starting material.

3.1. Benzylic and allylic C(sp®)-F bonds

An early electrochemical reduction of a benzylic CF;-group was
reported by Lund et al. with polarography studies as well as
preparative electrolysis with a dropping mercury cathode.*®
The potentiostatic hydrodefluorination of 1,1-dioxo-6-(trifluoro-
methyl)-S,4-dihydro-ZH—lAG,Z,4—benzothiadiazine-7-su1fonarnide
was performed in 30% aqueous methanol and resulted in 72%
yield of the desired product after 6.3 F of charge at a potential
of —1.70 V vs. SCE (Fig. 10).

of benzylic C-F bonds

F i : H
F H ¢ || PME H H

N N
F \| -1.70 V vs. SCE H \|
-
05 _NH Osq N

H,N7II o’ \\0 KHCO3 in MeOH/H,0 H,N7 1
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Electr r

Fig. 10 Defluorination of benzylic fluorides.*®
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In contrast to the stepwise reduction of other trihalomethyl
compounds,*® Lund et al. proposed that the cleavage of the
three C-F bonds takes place in one single step. This claim was
not supported by subsequent studies, that instead suggest that
benzylic C-F bonds in p-substituted trifluoromethyl benzenes
take place in a stepwise manner in polar aprotic solvents like
DMF with cathode materials such as Hg, Pt and Pb.**™?
Similar to the postulated stepwise dissociative electron transfer
for many aryl fluorides (Fig. 5, top), initial single electron
reduction of the trifluoromethyl benzene is generally believed
to form a stabilized radical anion that decomposes to a
benzylic radical with release of fluoride. Reductive radical-
polar crossover upon a second electron transfer results in a
benzylic anion, which can be quenched by a proton
(Fig. 11)°°2 or other electrophiles.’®” In the case of 4-(tri-
fluoromethyl)acetophenone, hydrodefluorinated pinacol pro-
ducts were observed by Liotier et al. along with the hydrode-
fluorinated alcohol in aqueous alkaline medium (pH 10).%*

One example of benzylic defluorination was reported by
Périchon and co-workers using a SmCl;-catalyzed electro-
chemical hydrodehalogenation protocol in an undivided cell
using a nickel foam cathode and a sacrificial magnesium
anode.?® In this case, a,a,a-trifluorotoluene was transformed
into a mixture of a,a-difluorotoluene, a-fluorotoluene and
toluene and in 50% yield (Fig. 12). Addition of D,O did not
result in deuterium incorporation for a benchmark chloride

= Mechansim for electroreductive cleavage of benzylic C-F bonds

YQX%?
o

7

* =
F " F
4_L 0, <« O 7
0

Fig. 11 Reductive C—F bond cleavage mechanism for a trifluoromethyl
arene.>®

of (trifluoromethyl)b

Electr r

Mg rm Ni foam

5 mA/cm? H g
SmCl; (10 mol%) C/k ©/kH C /kH
BuyNBF, (0.3 M)

(50%)

o

(0.14 M) DMF, r.t., 2-3 F/mol 19

Fig. 12 Samarium-catalyzed C-F bond cleavage in trifluoromethyl
benzene.?®
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substrate and it was concluded that the hydrogen in the
product originates from either the tetraalkylammonium ion in
the supporting electrolyte or the solvent. While cyclization
experiments using 1-allyloxy-2-chlorobenze suggested that a
radical mechanism was operating in the presence of samar-
ium, no mechanistic details or discussion on the valence state
of the catalyst were provided.

Périchon and co-workers demonstrated that electroreduc-
tive defluorination could be coupled with C-C bond formation
using electrophiles such as CO,, DMF or acetone to form car-
boxylic acids, aldehydes, or tertiary alcohols.>” The electrolyses
were carried out at room temperature in DMF containing the
corresponding trifluoromethyl aryl compound, using a stain-
less steel cathode and a sacrificial anode (magnesium or alu-
minium rod) (Fig. 13, top). For synthesis of tertiary alcohols,
acetone was used as a co-solvent (10 vol%) to furnish the pro-
ducts in yields up to 80% yield, whereas up to 62% yield was
achieved in formylation reactions with DMF. In these cases,
the crude reactions were poured into acetic anhydride and
hydrolyzed to furnish diacetate products. For electrocarboxyla-
tion, carbon dioxide was bubbled through the solution at
atmospheric pressure to provide benzoic acid products in up
to 70% yield. The same strategy was used by Senboku and co-
workers to trap benzylic anionic intermediates bearing
benzylic pentafluoroethyl groups in the synthesis of tetrafluori-
nated analogues of the NSAIDs fenoprofen and ketoprofen
(Fig. 13, bottom).*® In this case, the electrochemical reduction
was conducted in DMF using a Pt cathode and a Mg anode in
an undivided cell with CO, bubbled through the reaction
medium.

Benzylic C-F bond cleavage with trapping of the intermedi-
ate anion has also been achieved with TMSCI as electrophile,

Electrochemical substitution of benzylic C-F bonds

. via F
M stain-
F F o% r’_n less E N
Al steel E F
@ F 1 mAJom? @
- 5 F
BuyNBr (0.04 M), 6 examples

(0.5 M) DMF, r.t., 2.2 F/mol 40-80%
E: Me,CO (10 vol%), CO, (bubbled through), or DMF (solvent)

Sol o

OH Os__OH
E F
c F

Mg anode: 40% Mg anode: 65%
Al anode: 80%

o

T
©;Q(

Mg anode: 62%

Application towards ﬂuonnated puar

e L

COZ (bubbled through)
Bu4NBF, (0.1 M)
DMF, 0 °C, 6 F/mol 82%

(0.1 M) tetrafluorofenoprofen

Fig. 13 Top: Defluorinative functionalization of benzyl fluorides.>”
Bottom: Defluorinative electrocarboxylation for polyfluorinated pharma-
ceutical analogues.>®
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forming trimethylsilyldifluoromethylbenzenes.>>”® Marzouk
et al. demonstrated that fluorides in a,o,a-trifluorotoluene sub-
stituents can subsequently be replaced by TMS groups in a
THF/DMPU mixture, thus avoiding carcinogenic HMPA, by
simply increasing the equivalents of charge applied.’® As such,
the synthesis of corresponding mono-, bis- or tris-trimethyl-
silyl derivatives using aluminium as a sacrificial anode was
enabled in yields up to 70%, 60% and 50% respectively
(Fig. 14). This reaction was scaled up to 1 mol of starting
material, using a tubular flow cell.

Recently, a facile electroreductive system for the removal of
various functional groups was developed by Xia and co-
workers, using triethylamine (Et;N) as sacrificial reductant in
combination with inert platinum electrodes in an undivided
cell at constant current.®® Amongst examples such as reduction
of cyano groups and azoles, the authors reported complete
reduction of benzylic CF; - groups in yields up to 89%
(Fig. 15). Similarly, Huang and co-workers provided one
example of C-F bond cleavage in trifluoromethylbenzene in a
moderate yield of 35% at low conversion using platinum elec-
trodes in diglyme and Bu,NBF, (0.2 M) under air at room
temperature with NaBH, as additive.®'

3.2. C-F bond cleavage in a-CF; alkenes

Recently, Cheng and co-workers developed a defluorinative
method to convert a,x,o-trifluoromethyl cinnamates to gem-
difluorostyrenes in moderate to good yields, using an electrore-
ductive approach (Fig. 16).°> The reactions were performed in

I C-F bond cleavage/silylation =————————
TMSCI 150 g in tubular flow cell
i X F—Ij o (5 equiv.) \Sli/
F DMPU
F 4 mA/cm? (1.09 equiv.) ©A’F
F
0.25M 70%

BuyNBr (0.015 M)
THF, N, r.t., 2.4 F/mol

Electr

—\Si/ |/ Si E
SiQ 24F > 24F
i — si
Si— | ~
/\
50% 60%

Fig. 14 Defluorinative silylation of benzyl fluorides with TMSCL.>®

Electrochemical C-F bond cleavage/ with sacrificial reductant

4 examples
10-899
Pt Pt 0-89%
F H
J 16 mA
O

H
_ H
Et;NCIO, (0.1 M), air
(0.1 M) PhN H
Method A: Et;N (4.0 - 8.0 equiv.) >_®_(_H
DMSOJ/EtOH (2 mL/ 2 mL) I H

rt,5-18 h
Method B: Et3N (4.0 equiv.) A: 74%, 18 h; B: 67%,5h
DMSO (4 mL)

— Selected examples ==

H
Ph«@—en
H

A: 10%, 12 h; B: 89%, 6 h

Fig. 15 Electroreductive C—F bond cleavage in benzyl fluorides with
EtzN as sacrificial reductant.®®
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Fig. 16 Electroreductive formation of gem-difluorostyrenes from

o,0,0-trifluoromethyl cinnamates.®?

acetonitrile with controlled potential, using graphite felt elec-
trodes under an ammonia atmosphere that acted as proton
donor. The method was demonstrated to proceed well with
electron-rich substrates e.g. methoxy groups (89%) or large
n-systems (90%), whereas moderate yields were observed for
substrates with functional groups such as chloride (52%).
Selective defluorination was observed for substrates with fluor-
ide and trifluoromethyl substituents, furnishing the difluoro-
alkene products in moderate yields. The mechanism was
investigated using cyclic voltammetry and square wave voltam-
metry, indicating a net two-electron transfer. The first electron
transfer was proposed to convert the substrate to the corres-
ponding radical anion that, upon protonation, forms the
corresponding radical. A second electron transfer furnishes
the benzylic anion, which undergoes an E1cB elimination of
fluoride to form the desired product (Fig. 16, bottom).

Along the same lines, Gao et al. recently developed a regio-
selective electrochemical y-carboxylation of «-CF; alkenes
using CO, under constant current conditions.®® The transform-
ation was carried out in DMF with Bu,NClO, as supporting
electrolyte, using platinum electrodes (Fig. 17). The method
proceeded with a good functional group tolerance, with yields
up to 84%, including examples such as sugars and steroids.
Supported by cyclic voltammetry studies, radical trap experi-
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Electrochemical aIIyIic defluorination/carboxylation
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Fig. 17 Electroreductive formation of carboxylated gem-difluorostyr-
enes from a-trifluoromethyl styrenes.®

n

ments, as well as DFT calculations, the reaction mechanism
was believed to be of a similar type of that proposed by Cheng
and co-workers (Fig. 16).°> After an initial reduction of the tri-
fluoromethyl alkene to the corresponding radical anion,
addition of CO, would take place. The resulting radical
carboxylate would thereafter undergo a second electron trans-
fer to the corresponding enolate that decomposes to the gem-
difluoroalkene product with release of fluoride (Fig. 17,
bottom). The anodic counter reaction was proposed to be oxi-
dation of either DMF or water.

Electroreductive C-F bond cleavage and concomitant
functionalization of a-trifluoromethyl styrenes to gem-difluor-
oalkenes have recently been reported using radical precursors
such as alkyl halides, redox active esters and Katritzky salts, as
well as aryl halides (Fig. 18).°*°® Ni, Guo and Wang and co-
workers demonstrated that Katritzky salts could be success-
fully used as coupling partners in DMSO under galvanostatic
conditions with a sacrificial Zn anode and a Ni foam cathode,
furnishing products in up to 85% yield (Fig. 18, Method A).**
Masson, Claraz and co-workers demonstrated coupling of
Katritzky salts as well as NHP esters in yields up to 94%,
including amino acid derived alkyl NHP esters (Fig. 18,
Method B).®® Similarly, Xia, Guo and co-workers demonstrated
that o-trifluoromethyl styrene substrates react with NHP esters
and Katritzky salts, as well as alkyl halides, in yields up to 76%
(Fig. 18, Method C).%° In the cases where a Fe sacrificial anode
was not used, amine bases such as triethylamine or DABCO
were employed as sacrificial reductants, similar to what was
previously reported for electroreduction of trifluoromethyl
arenes.®® Qi, Huang and Lei and co-workers reported yields up

This journal is © The Royal Society of Chemistry 2022
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Fig. 18 Electroreductive formation of y-functionalized gem-difluorostyrenes from a-trifluoromethyl styrenes and radical precursors.

to 99% with alkyl halides as coupling partners, using a direct
electrolysis method for alkyl iodides (Fig. 18, Method D) or an
indirect electrolysis method with a Ni(bpy)-complex in catalytic
amounts for alkyl bromides.®” In addition, the former method
was also demonstrated using one Katritzky salt and one NHP
ester as coupling partner to furnish the desired product in
moderate to good yield, whereas the latter method resulted in
moderate yield using an alkyl chloride as partner. Oxidation of
the phosphine or amine additives were postulated as the oxi-
dative counter reactions for the process. A fully catalytic
system was reported by Ni and Wang and co-workers, who
demonstrated that alkyl and aryl halides react with
a-trifluoromethyl styrene substrates using a Ni catalyst with a
terpyridine ligand, furnishing products in yields up to 93%
(Fig. 18, Method E).*®

This journal is © The Royal Society of Chemistry 2022
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Mechanistically, the direct electrolytic methods are thought
to be initiated by cathodic dissociative electron transfer to the
radical precursor to provide an aliphatic carbon-centered
radical intermediate. This radical would thereafter attack the
a-trifluoromethyl alkene to form a C-C bond and a benzylic
stabilized «-CF; carbon radical. Cathodic reduction of this
radical furnishes a-CF; carbanion that undergoes a f-fluoride
elimination to afford the gem-difluoromethyl alkene product
(Fig. 18). For the Ni-catalyzed protocols, the Lei group and Ni
and Wang and co-workers propose different mechanisms. The
former group utilizes alkyl bromides as coupling partners and
suggest, supported by DFT calculations, that the Ni(0) catalyst
initially coordinates the alkene to thereafter interact with the
alkyl bromide in an XAT event to form an alkyl radical and a
Ni(1)-Br complex. This open-shell species adds to the CFs;-
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alkene substrate analogous to the indirect mechanism,
whereas the Ni(1) species traps the resulting benzylic radical to
form a Ni(u)-complex. After a two-electron reduction and
p-fluoride elimination, the product is released and the Ni(0)
catalyst is regenerated (Fig. 18, bottom). In contrast, Ni and
Wang and co-workers do not speculate about the mechanism
for alkyl halides but focuses on aryl halides as coupling part-
ners. In this case, the Ni(0) catalyst is proposed to undergo an
oxidative addition with the aryl halide, thereby forming a Ni(u)
ArX complex. This species undergoes a single electron
reduction at the cathode to furnish the corresponding Ni(r)Ar
complex. Migratory insertion of the trifluoromethyl styrene
derivative generates a Ni()R species that is expected to
undergo rapid p-fluoride elimination to deliver the desired
product. Another cathodic reduction would regenerate the Ni
(0) species from Ni()F to close the catalytic cycle (Fig. 18,
bottom).

3.3. Cleavage of C(sp®)-F bonds in a-position to carbonyls

The first mechanistic insights into cleavage of C-F bonds in
a-position to carbonyl carbons were reported by Elving and
Leone in 1956.°° In this case, polarographic studies of the
reduction of 2-fluoroacetophenone indicated two cathodic
waves that were interpreted as initial cleavage of the C-F bond,
and subsequent reduction of the resulting acetophenone to
the corresponding alcohol. Stocker and Jenevein reported that
initial defluorination of a,a,a-trifluoroacetophenone to aceto-
phenone was followed by pinacolization (Fig. 19, top) with the
selectivity being dependent on applied potential and reaction
time.”® However, later cyclic voltammetry studies by Yang et al.
suggested that the fluorinated pinacol forms first and is sub-
sequently reduced (Fig. 19, bottom).”* Mechanistically, it was
suggested that the pinacol formation occurs via radical-radical
coupling between one protonated and one unprotonated elec-
trochemically formed ketyl radical, whereas certain substrates
were proposed to undergo a second electron transfer and two
protonations to form the corresponding alcohol.

Evans and Kopilov reported that defluorination of
a-fluoroacetanilide took place during their attempts to electro-

Electrochemical reduction of trifluoromethyl phenyl Ketones

o= R

Yang et al. (cyclic voltammetry studies)
2x o

Stocker et al. (polarographic studies)

F oH

Fig. 19 Electroreductive
o,o,a-trifluoroacetophenone.

pinacolization of
70,71
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chemically remove the electron-poor amide protecting group.””
Instead of furnishing the free aniline, potentiostatic electroly-
sis of a,a,a-trifluoroacetanilide in a divided cell with a mercury
pool cathode resulted in a mixture of 65% o-fluoroacetanilide
and 35% acetanilide (Fig. 20).

Uneyama et al. demonstrated successful trapping of the
intermediate after the initial hydrodefluorination of trifluoro-
methyl ketones as well as trifluoroketimines with silyl chloride
reagents, isolating difluoro silyl enol ethers and difluoro silyl
enamines in yields up to 85% and 78%, respectively
(Fig. 21).>”* In the former case, a Pb cathode and carbon
anode was utilized to achieve electroreductive defluorination
of a range of trifluoromethyl ketones in anhydrous acetonitrile
using an H-type divided cell (Fig. 21, top). The reaction was
reported to proceed efficiently with aromatic substrates, result-
ing in yields up to 85%, whereas aliphatic substrates furnished
the corresponding products in yields up to 55%. Similar con-
ditions were used for the electroreductive defluorination of

Electroch | reduction of trifluor ilide

F F H H H H

F Ptwire @ : ||Hgpool F H

o o o

HN -22Vvs SCE - HN

-
@ Et,NCI (0.1 M) @ @
EtOH, 2h

(0.01 M)

Fig. 20 Electrochemical defluorination of «,q,a-trifluoroacetanilide.”?

Electroreductive hydrodefluorination of trifluoromethylketones
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Fig. 21 Electroreductive defluorinative silylation of trifluoromethyl
ketones.”*
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ketimines (Fig. 21, bottom). The authors did not provide any
mechanistic details for the transformations.

The methodology was expanded to trifluoroacetic acid
derivatives to yield 2,2-difluoro-2-trimethylsilylacetate and
difluoroketene silyl (0,0-, 0,5-, and O,N-) acetals.”” These find-
ings stood in contrast to those of Stepanov et al. who reported
Claisen adducts under similar conditions.”® After a thermal
isomerization with silyl migration from oxygen to carbon, the
corresponding products were successfully coupled with a
range of electrophiles (aldehydes, ketones, imines, acyl- and
alkylhalides) to give a-alkylated-a,a-difluoroacetates in good to
excellent yields (Fig. 22). This isomerization could either be
carried out in a stepwise procedure with electrolysis carried
out at low reaction temperature, or direct by electrolysis at
50 °C.

Recently, Lennox et al. demonstrated selective monode-
fluorination of a,a,o-trifluoromethylketones in a single step to
access a broad scope of difluoromethylketones (Fig. 23).”
Using a divided cell setup, the reaction was reported to
proceed efficiently on platinum or nickel cathodes with TMSCI
present as a radical anion trapping agent via a proposed silyl
enol ether intermediate of Uneyama-type.”> The transform-
ation tolerated heterocyclic groups such as indoles as well
cyclopropanes or even aryl fluorides incorporated in the sub-
strates. The reaction performs best with electron-rich and
simple alkyl substrates (up to 95%), whereas unprotected
indoles as well as protected indoles bearing cyano groups
resulted in lower yields (45 and 42%, respectively). Similar to
other electrochemical hydrodefluorination protocols, tetraalkyl-
ammonium salts were found to act as reductively stable,

= Electroreductive hydrodefluorination of trifluoroacetic acid derivatives mm
14 examples
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Fig. 22 Electrochemical defluorinative C-Si bond formation and sub-
sequent functionalization.”®
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masked proton sources upon Hoffmann elimination.
Supported by DFT calculations, the transformation was pro-
posed to proceed via cathodic reduction of the substrate to
furnish a transient ketyl radical anion that is trapped with
TMSCI to furnish an O-TMS protected benzylic radical. A
second electron transfer furnishes the corresponding anion
that undergoes loss of fluoride to form the O-TMS protected
gem-difluoroalkene that, in turn, furnishes the hydrodefluori-
nated product upon protonation. Voltammetric studies
suggested that oxidation of bromide to tribromide was the
anodic counter reaction.

4. Conclusions

In contrast to their heavier congeners, fluorocarbons are chal-
lenging from a reactivity perspective for any synthetic strategy.
This challenge is present also using an electrochemical
approach, as evident from the limited number of synthetically
relevant examples of C-F bond cleavage for both sp* and sp*-
hybridized carbon centers. With only a few exceptions, avail-
able electrosynthetic protocols are only amenable for cleaving
C-F bonds in close proximity to n-systems via similar reductive
mechanisms. While a limited number of chemical protocols
are at hand for C(sp®)-F bond activation in fully aliphatic posi-
tions, electrochemical variants for selective activation/
functionalization are yet to be developed. In depth mechanistic
understanding, alternative activation modes and mediated
(photo)electrolysis are likely keys to enable new fluoroselective
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synthetic methodology that can open new reactivity space and
retrosynthetic disconnections, as well as facilitate efficient
remediation of fluorinated organic pollutants.'®>%”®
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