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Abstract: Electrosynthesis can be considered a powerful and sustainable methodology for the
synthesis of small organic molecules. Due to its intrinsic ability to generate highly reactive species

under mild conditions by anodic oxidation or cathodic reduction, electrosynthesis is particularly

interesting for otherwise challenging transformations. One such challenge is the installation of

fluorinated alkyl groups, which has gained significant attention in medicinal chemistry and

material science due to their unique physicochemical features. Unsurprisingly, several electro-

chemical fluoroalkylation methods have been established. In this review, we survey recent
developments and established methods in the field of electrochemical mono-, di-, and
trifluoromethylation, and perfluoroalkylation of small organic molecules.

Keywords: electrosynthesis, fluoromethylation, difluoromethylation, trifluoromethylation, per-

fluoroalkylation

1. Introduction

The installation of fluorine-containing moieties into small
molecules has emerged as an important transformation in
Due to the challenging nature of this
manipulation, it has been in the focus of intensive research

organic synthesw

and development for almost a century. The reason for this
ongoing interest are the unique physicochemical properties of
the fluorine atom and thus of fluoroalkyl moieties."™ Albeit
fluoroalkyl groups do almost not appear in natural com-
pounds, their incorporation in biologically active molecules
allows for a rigorous change of the pharmacologic profile of
lead structures due to enhanced lipophilicity or metabolic
stability.®** For example, molecules bearing a trifluoromethyl
group are highly prone for technological innovations, e.g., in
491 The impact
of fluoroalkyl groups on drug development is reflected by the

pharmaceuticals,” ™" pesticides,” and materials."”
continuously increasing number of fluoroalkyl-containing
drugs already approved and drug candidates entering clinical
trials (Figure 1).57 To meet the demand for fluoroalkyl-

containing small molecules, numerous conventional methods
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for their synthesis have been developed and extensively

. 1,4,7-9,11
reviewed. 4711

Two mechanistic pathways can be distin-
guished: nucleophilic or electrophilic/radical fluoroalkylation
in the presence of an oxidant. With the recent rise of organic
electrosynthesis, i.e., the synthesis of organic molecules using

[12,13]

electricity as driving force, a new approach for the

of highly

trifluoromethyl radicals has opened up. Consequently, many

generation reactive intermediates such as
researchers have used this promising technology to introduce
fluoroalkyl groups in small molecules. In view of the fast-
growing area of electrochemical fluoroalkylation, we provide
here a critical survey of recent developments in this field. Some
older seminal results were included to put the current examples
into a historical context. The required fundamentals of electro-

synthesis will be introduced to the reader in the following
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Figure 1. Selection of FDA-approved drugs containing fluoromethyl moi-
eties.
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2. Fundamentals of Electrochemical
Fluoroalkylation

Electrosynthesis has become an indispensable technology and
vital field of research in the past two decades."” The
fundamental idea is the use of electric current as a reagent. It
can substitute conventional oxidizing or reducing agents,“s]
and thereby reduce or avoid the generation of waste and the
use of hazardous reagents. Electrical energy, the most versatile
form of primary energy, is inexpensive, abundant, and can be
obtained from renewable sources. Thus, with regard to
efficiency and ecology, electrosynthesis can be considered a

12016 Tes application in the synthesis of

d [12,17]

“green” methodology.[
small organic molecules has been reviewe From a
synthetic point of view, electrosynthesis opens up a completely
new parameter space, which renders hitherto unreachable

" In general, electrosynthetic

reaction pathways accessible.!
reactions can produce, often under ambient conditions,
reactive intermediates, that are hardly obtainable with chemical
reagents. The additional parameters in an electrochemical
experiment are the current density (mA/cm?) or electrode
potential (V relative to a reference electrode), the applied
charge (F, electron equivalents), the electrode material, the
supporting electrolyte, and the cell design."”* To facilitate the
comparison between different methods, the current densities
in this review are uniformly given as current per geometrical
electrode surface area, and the applied charge is calculated in
relation to the limiting reactant to allow for an estimate of the
faradaic efficiency. An important tool for the design of electro-
chemical reactions is cyclic voltammetry, which can provide
useful information on the feasibility of redox processes."”

The electric current is fed to the electrolyte via electrodes.
Commonly used electrode materials are platinum, nickel, lead,
graphite, glassy carbon, boron-doped diamond, or stainless
steel. Thus, an electrochemical experiment involves a heteroge-
neous electron transfer between the substrate and at least one
of the electrodes (direct electrolysis). If a direct electron
transfer between the substrate and the electrode is hampered
by a large over- potential, a redox mediator can be used to
facilitate the electron transfer (indirect electrolysis).”” A
combination of the advantages of direct and indirect
electrolysis is the use of active electrodes, which are covered by

Y Oxidation occurs

an insoluble layer of a redox mediator.
always at the anode and reduction at the cathode. The
electrolyte consists of the substrate, the reagent(s), an
appropriate solvent, and often a supporting electrolyte: a salt,
base, or acid to ensure ionic conductivity. The most commonly
applied setup involves two electrodes that are operated under
constant current control in an undivided cell. Experiments
under constant potential control require an additional refer-
ence electrode. Control of the electrode potential can enhance
the selectivity of an electron transfer, but prolongs reactions

Chem. Rec. 2021, 21, 2502-2525
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time, and requires a more sophisticated electrical power source.
To avoid side-reactions or follow-up reactions at the respective
counter-electrode, a divided cell can be employed, in which
the anodic and cathodic compartment are separated by a
porous glass frit or an ion-permeable membrane. Due to the
additional barrier, higher terminal voltages need to be applied
to a divided cell to reach the same current density as in an
undivided cell. Nowadays, various types of electrolysis cells for
laboratory scale experiments are commercially available.

The reactive species in electrochemical fluoroalkylation is
in most cases a (per)fluoroalkyl radical (*CH,F, *CHF,, *CF;,
*C.F,.11). The proposed mechanisms for fluoroalkylation
methods are conceptually very similar and based on the
formation of a radical by a single electron transfer between an
electrode and an appropriate precursor (Scheme 1). Only few
different precursors are reported so far: difluoroacetic acid
(HCF,CO,H), difluoromethanesulfinate
(HCF,SO,Na), zinc difluoromethanesulfinate  (DFMS,
(HCF,SO,),Zn, difluoromethylsulfonyl hydrazide
(HCF,SO,NHNHBoc), trifluoroacetic acid (F;CCO,H), alka-
line salts of trifluoromethanesulfinate (F;CSO,Na/K), zinc
bis(trifluoromethanesulfinate) ((F;CSO,),Zn), bromotrifluoro-
methane (F;CBr), iodotrifluoromethane (F;CI), trifluorome-
thanesulfonyl chloride (F;CSO,CI), 1-trifluoromethyl-1,2-ben-
ziodoxol-3(1 H)-one (Togni’s reagent II), and perfluoroalkyl
iodides.

Depending on the nature of the precursor, the fluoroalkyl
radical is either generated by anodic oxidation or by cathodic

sodium

reduction and subsequent fragmentation. In the following
chemical step, this radical adds to an organic substrate or to a
low-valent metal complex. The obtained intermediate can
undergo further electron transfer or chemical steps depending
on the reaction conditions and substrate, which will ultimately
result in various fluoroalkylated products.

pathway a: . pathway b:
anodic "CFHj_, formation . cathodic "CFH;_, formation
® reagents: || reagents: o
NaIKSOZRt BrC,F,
- H/NaO,CR IC.F
H3.nCF,SO B entn H3.oF,CBr
g 3.9 Zn(SO,R), | CISO,CF, 3-nFn D s
' " Tognill Ny <
H3.nCFS0; ~ ~ CFnHan ~— 7 Hs.nFuCBr g
Br
n:0,1,2,3 S0

R: CF,H or CF;

Scheme 1. Electrochemical fluoroalkyl radical formation: (a) anodic pathway;
(b) Cathodic pathway.
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3. Monofluoromethylation

The introduction of CFH, moieties into small molecules by
electrochemistry is a field open to exploration. To date, no
examples can be found in literature. Photoredox catalysis is yet
one of the best-known ways to introduce this group into
organic molecules and could be used as a conceptual model for
electrochemical strategies. A photoredox-catalytic approach
was detailed by the Liu group, in which monofluorometh-
ylation of isocyanides and p-quinone methides was performed
using Mes-Acr™ as catalyst and H,CFSO,Na as CFH, radical
source.”

As an alternative to direct installation of a fluoromethyl
group, electrochemical fluorination allows for the synthesis of
' As demonstrated by
Fuchigami and co-workers in seminal contributions, most of

fluoromethyl-bearing  compounds.”

the fluorination methods proceed via a cation radical
intermediate, followed by nucleophilic substitution.” The
authors applied this strategy for the development of the
indirect anodic fluorination of xanthates 1 with polystyrene-
supported iodobenzene (PSIB) as mediator (Scheme 2).3d

Another example has been described by the Waldvogel
group. Electrochemical fluorocyclization of N-allylamides 3
and N-propargylamides 5 results in the formation of
fluoromethylated oxazoles 4 and oxazolines 6 via hypervalent
iodine, in situ-generated by anodic oxidation of p-iodotoluene
(Scheme 3).124

Recently, the same group showed that electrochemical
decarboxylation of aryloxyacetic acids 7 followed by fluorina-
tion can be an alternative to access fluoromethyl aryl ethers 8

(Scheme 4).

Fuchigami (2070)
@ S # Pt||Pt

F
L undivided cell O/\
0~ “SMe R
1 j=5mAlcm? 4 F 2
R' Et,;NCIEt;NF x 5SHF 3 examples
up to 86%

R': H, Cl or Br
: polystyrene-supported iodobenzene

. F
-2 Ph-l —Ph-1{

'\ cl
ol A_» —Ph—I: M
Cl

F

Scheme 2. (a) Indirect anodic fluorination of xanthates; (b) Reaction
mechanism.
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Waldvogel (2018)
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j=50mAlcm?,3F, R' N 4
Me  CHCLINEt xSHF, 4o 0o
R': arene, heteroarene rt up to 68 %

Waldvogel (2079) EEEEE R R e
® ¥ e
|
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j=50mAlcm%3F, R' N

R "N Me
H S 2.0 equiv. CH,Cl,/NEt; x SHF, 14 examples
R': arene, heteroarene, styrene rt up to 65 %
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D Lo e O
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Scheme 3. (a) Electrochemical fluorocyclization of N-allylcarboxamides; (b)
Electrochemical fluorocyclization of N-propargylamides; (c) Proposed mech-
anism.

Waldvogel (2020)
fo) # graphite||graphite
undivided cell
o M,

o._F
M\
R , j=5.5mAlcm? 3 F, R! 8
R': arene, heteroarene r.t, 2,4,6-Collidine, 19 examples
CH,CI,/NEt; x 5HF upto 72 %

Scheme 4. Electrochemical synthesis of fluoromethoxyarene derivatives via
fluorodecarboxylation.

4. Difluoromethylation

Blackmond, Baran and co-workers are the pioneers of electro-
chemical difluoromethylation. With (HCF,SO,),Zn as CF,H
radical source, they achieved the difluoromethylation of V-
heterocycles 9. Six examples (10) were synthesized with yields
up to0 39% (Scheme 5).%°

Later, Xu and co-workers showed the difluoromethylation
of alkynes to fluorinated dibenzazepines 12 (Scheme 6 and
7).%7 Here, the CF,H radical was generated through
ferrocene-mediated oxidation of HCF,SO,NHNHBoc.*”
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raphite||graphite
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j=0.52mAlcm?,

equw- 4.1 F, 60 °C, 6 examples

R: ester, ketone ELNGIO, DMSC up to 39 %

Selected examples:
(0] Me
Hcm Jj: e\lrk\}N N
)—CF,H 4 | )—CF,H
/
e
(from pentoxyfyline) 31 %

35% 31 %

Blackmond & Baran (2074) 2
9
R—@ + (HCFzsoz)ZZn

9

CF,H
@
10

Scheme 5. Electrochemical difluoromethylation of N-heterocycles.

HF,C

Xu (2018) t RVC][Pt

) > undivided cell
A R3 Cp,Fe (10 mol%)
NN j=0.17 mA/cm?,

R2 11 2.0equiv. 7.4F,70°C, i, R®12
X: CH, N Na,HPO, Et,NBF, R
R': halogen, alkyl CH;OH, Argon 31 examples
R?: acetyl, trifluoroacetyl RP: HCF,SO,NHNHBoc up to 79%

R®: hydrogen, alkyl, acetyl
R*: arene, heteroarene via

Proposed mechanism:

R1
HF:C o
~ CpaFe .
o7 P T O Nk
e \ 6, H* Boc Path A (-7 ortho):
AG=-9.2, AG*=10.7
v CpFe « S HRC o Path B (6 ipso):
® o’/S\ AG=-5.4, AG*=14.4
- CpoFe .. .- N-NH Path C (1,5-H-abstraction):
. O Boc/ AG=-13.5, AG*=15.6
- e \-e,H
SN . HF,C .
(N L2 o CF,H
% Cp,Fe o//s\ _N2 -S0, 2
N=N .cO, tBu
B R3
Hcm oc
4
. csze R Path A
e -e H*
> CpgFe ~ \“> HFZC
R1
Cathode:

MeOH +e —>= MeO + '/,H,

Scheme 6. (a) Difluoromethylation of alkynes using HCF,HSO,NHNHBoc;
(b) Proposed mechanism.

The electrolytic process begins with the anodic oxidation of
Cp,Fe to Cp,Fe”, while MeOH is reduced at the cathode to
generate  H, and MeO™.  After oxidation  of
HCF,SO,NHNHBoc by Cp,Fe*, a diazene is formed, which

Chem. Rec. 2021, 21, 2502—2525  © 2021 The Authors. Published by The Chemical Society of Japan & Wiley-VCH GmbH
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R

j=0.1 mAicm?, R 14
2.0 equiv. 2.4-6.7 F, 70 °C,
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N Et,NPFg Acetone/H,0, up to 72 %
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R, ) L 3
Nt 20equiv. 5.3-9.3 F, 70 °C, P R, .
Ph R, .- Et,NOTs, TFE/H,0 4 examples 16
R:alkyl 45 up to 75 %
e (ZE13:)
Proposed mechanism:
- HF,C .0
. ocs\
" O HN-NH
-e, H* Boc 3 H*
" N
S HRG o S
o> +3e5s
N-NH i
{ -e, H* Bae %, Hy ~
(O8N
] HF,C .
S CF,H
8 0” \N:N N, -SO,
B -COzy'tBu o
3
N,R
1 2
HFZC/?)J\ R RHO 0
.R3
+H0_ HFZC’\*)H«
-H* R' R2?
s HFZC/\,)L R': aryl. R% H. R®: aryl.
R HF,C O
+ X R?
-H N
R1 R2

R': aryl. R? = R®: alkyl.

Scheme 7. (a) Difluoromethylation of alkenes and alkynes using
CF,HSO,NHNHBoc; (b) Proposed mechanism.

collapses to a CF,H radical. The CF,H radical reacts with the
alkyne 11 to an intermediate vinyl radical, which immediately
cyclizes to a seven-membered ring. Finally, rearomatization
through elimination of an electron and a proton affords the
dibenzazepine product 12 (Scheme 6B). In a second study,
1,2-hydroxydifluoromethylation and C-H difluorometh-
ylation of acrylamides 13 and 15 were performed
(Scheme 7).%7" 22 Examples of 14 and 16 were synthesized
with yields up to 75%. In this case, the ferrocene mediator
system was not used, but the CF,H radical was formed via
direct anodic oxidation of CF,HSO,NHNHBoc and subse-
quent fragmentation. Addition to acrylamide followed by one-
electron oxidation furnishes a carbocation. Depending on the
substituent at the nitrogen, the carbocation reacts with H,O to
afford the difunctionalized product 14 or undergoes proton
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elimination to give the C—H functionalization product 16
(Scheme 7B).

Sodium  difluoromethylsulfinate  (HCF,SO,Na)  has
emerged as a more economic CF,H radical precursor. The
anodic oxidation of the sulfinate produces a sulfinyl radical
that decomposes to the CF,H radical. Ackermann and co-
workers developed a difluoromethylation-cyclization sequence
of N-substituted acrylamides 17 with this
(Scheme 8).5*

Ensuing, Zhang’s and Xu’s groups developed a similar

precursor

electrochemical  difluoromethylation-cyclization-lactonization

R
Ackermann (2019) CF,H

11 .
R T . o
R X7 N 4
s # RVC||Pt R2
N, Rz undivided cell 11 examples
R11_K ) + HCF,SO,Na —>j= 3 mAlem?, up to 74 %
5 N9 3.0 420r48F,23°C >
22 equiv. s oras i ’ Ph
R® 17 Et,NCIO,
X: CH, N g \CF,H
y CH;CN/H,0
R': hydrogen, alkyl, halogen,
trifluoromethyl, ester N o
R? 19

R2: alkyl; R®: alkyl

R%: hydrogen, phenyl up to 52 % (d.r. > 20:1)

Scheme 8. Electrochemical difluoromethylation using CF,HSO,Na.

g oOF
PPt

undivided cell
+ HCF,SO;Na .

0 , : =6.7 mAlcm?,
-5equiv. 3 4 F rt, HOAC, 18 examples
CH4CN/H,0 up to 79 %

R': alkyl, halogen
RZ: alkyl, aryl, halogen, ether
R®: hydrogen, alkyl

anode
cathode

Scheme 9. (a) Electrochemical difluoromethylation of alkenes followed by
lactonization using F,HCSO,Na; (b) Proposed mechanism.
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sequence (Scheme 9A).%” In this reaction, the carbon radical
intermediate is further oxidized to a carbocation, which
undergoes nucleophilic cyclization to the difluoromethylated
lactones 21 (Scheme 9B).

To synthesize difluoromethylated nitrogen heterocycles 23,
Lin, Xu and co-workers used HCF,SO,Na as fluoroalkylating
reagent. Starting from vinyl azides 22, the desired products
were obtained with yields up to 46% (Scheme 10A).°" A
plausible mechanism for this reaction starts with the CF,H
radical addition to the vinyl azide, producing an iminyl radical
intermediate by liberation of N,. Subsequently, the iminyl
radical intermediate adds to the aromatic system. The resulting
radical is oxidized to a carbocation, which, after deprotonation,
yields the 6-fluoroalkyl phenanthridine 23 (Scheme 10B).

Recently, Yuan etal. demonstrated a complex cascade
example consisting of difluoromethylation, cyclization, and
oxidative indol cleavage of N-substituted 2-aryl indoles 24
(Scheme 11A).PY This strategy exhibits a wide substrate scope
with high tolerance of functionalities, in combination with the
formation of a tetrasubstituted stereogenic center and an N—C
axis of chirality with high stereoselectivity. 12 examples 25
were prepared with yields up to 57 %. Here, the electrochemi-
cally formed CF,H radical reacts with N-substituted 2-
aryl indoles and triggers cyclization to form a benzo[4,5]-
imidazole[2,1-a]isoquinolin-6(5H)-one intermediate, followed

Lin & Xu (2020)

R? graphite||Pt

undivided cell
+ HCF,SO;Na
N3 3.0 P =2.5V vs Ag/AgCI R1 N
22 equiv. N, 3h 23

R1

LiCIO,, MeCN/H,0
R': Alkyl, halogen, ketone 4 2 7::?;":;?;
0
R Alkyl, halogen
Proposed mechanism:
.- HCF,SO,Na
" Cathode:
THCF,800 ‘CFH Tt O H* +6 —= "H,
2 R N3

anode

Scheme 10. (a) Electrochemical difluoromethylation of biaryl vinyl azide; (b)
Proposed mechanism.
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Yuan (2021)
® ~w R?

R;_\ A \_\, t graphite||Pt Rz{ro
ZN JR! HCF,SO;Na T undivided cell |, -

2.0 j=4mAicm?>5F,
o Rt 24 equiv. 50 °C, Et,;NCIO, 25 O
R* "~CF,H
R', R?: alkyl, halogen CH;CN/H,0 .2 | 2
3 R4. examples
R®, R*: alkyl, Ph i 5T %

Proposed mechanism:

/'HCF2$00®

anode

" ~HCF,S00
1-80,
CF,H R

+ —_—

=
N —
RZ- 2
(o)

R3
N
.

R4
o
R3
S N | N
o =
R* "~CF,H

R* “~CF,H

Scheme 11. (a) Electrocatalytic difluoromethylation/cyclization/indole oxida-
tive cleavage reaction; (b) Proposed mechanism.

by the selective oxidative cleavage of the C(2)—C(3) double
bond of the indole skeleton to afford the difluoromethylated
2-(2-acetylphenyl)isoquinoline-1,3-diones (Scheme 11B).

5. Trifluoromethylation
5.1 Difunctionalization of Alkenes and Alkynes

Electrochemical trifluoromethylation has been considered to
be a privileged strategy for assembling trifluoromethylated
compounds from a wide variety of alkenes and alkynes. In this
context, trifluoroacetic acid (TFA) emerged as an attractive
CF; radical source, because of its availability and low cost.””
The research on such transformations started in the late 20®
century. Pioneering works envisioned that electrochemical
oxidation-decarboxylation of F;CCO,Na would generate the
CF; radical, which could add to electron-deficient alkenes in a

1,4-fashion.
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One challenge to overcome is the transient nature of the
C-centered radical intermediate, which reacts fast with any
available species. Under quite similar conditions, Renaud,
Uneyama, Dmowski, and others demonstrated that the
unstable character of this intermediate hampers its application
on the development of new synthetic protocols (Scheme
12).%%2% Mostly, mixtures of hydrotrifluoromethylation, bis-
(trifluoromethylation), oxytrifluoromethylation, and dimeriza-
tion products were obtained (27-34). Thus, the yields of the
desired hydrotrifluoromethylated products were low. More-
over, only a few substrates could be functionalized. None of
these protocols were applicable on a broad scope due to their
poor selectivity and low yields. The low selectivity and limited
scope likely result from high current densities — often up to
100 mA/cm’® — and the usually large excess of the CFj radical
precursor. Consequently, a high concentration of CF; radicals
in close proximity to the electrode will favor bis(trifluorometh-
ylation) over hydrotrifluoromethylation, and high electrode
potentials can lead to unwanted side reactions.

While these issues remain unsolved and there is still no
general method for electrochemical hydrotrifluoromethylation
of alkenes and alkynes, some advances have been made.
Langlois reagent (F;CSO,Na), an affordable, stable and
efficient CF; radical source, has emerged as an alternative to
trifluoroacetic acid.®" The main feature of this salt is its low
oxidation potential (1.05 V vs. SCE).® In this regard, Lin and
co-workers developed an electrochemical method for the regio-
and chemoselective chlorotrifluoromethylation of alkenes 35
via electrolysis of F;CSO,Na in the presence of MgCl, and
catalytic amounts of Mn(II) (Scheme 13).

CF; source

Renaud et al. (1970's)
oF, y
R! .
R? 27 CFs
CF; or Dmowski (71996 & 1997)
, RS
R R CF, R\/ _-2 MeO,C . CF;
xR H
R? Fs,C  CO,Me
F3C R2 28 R3 26 32

Uneyama (1993) RT Dmowski (7998)
o )ﬁ} R? CF3
FiC FsC
FSC\)‘LCOZBU RS
+

29 SN

OH
or
Uneyama (7991 & 1995, F3C
FSC\)\cozau yama ( ) 8

30 ua @

S
R R b 34
R2

Scheme 12. Seminal reports on electrochemical trifluoromethylation of
alkenes.
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Lin (2018)
graphite||Pt
® t undivided cell cl

Mn(OAc), (10 mol%
R + F,CSO,Na (OAc), { 0 A _cF,
35 2.0 j=30mAlcm?11.0 F, 36

equiv. 22°C, MgCl, LiClO,
R: aliphatic, aromatic, 22 examples

CF;COOH/CH,CN
steroid, alkaloid, peptide _~ >~ ST upto®s%
Selected examples: Me
N=\ \3\/CF PPy v @ c'XﬂMe
3 Me
N CF
©/ FmocHN N\)\/CF3 Me 3
85 % o #M% 58 %
d.r.: 1:1
Proposed mechanism:
B F3csoo@
. . RS
* F;€S00 — CF;
-S0,
3
2
. 1
\/ R OnrCFs
- e AT
¢l Cathode:

= B

Scheme 13. (a) Electrochemical chlorotrifluoromethylation of alkenes; (b)
Proposed mechanism, AT: atom transfer.

H* + e — 1/;H,

The authors designed a galvanostatic strategy to oxidize
both [Mn'"]-CI and F;CSO,Na. An anodically generated CF;
radical adds to an alkene providing a carbon-centered radical.
Cl-atom transfer from [Mn™]—Cl to the carbon radical
chlorotrifluoromethylated ~ product  (Sche-
me 13B). The methodology was successfully applied to a range
of alkenes with yields up to 85%. Several oxidation-labile
functional groups were tolerated, and some natural product

generates  the

derived substrates proved to be compatible with the reaction
conditions. On the other hand, electron-rich styrenes were
incompatible due to competing side reactions. Additionally,
they applied a similar strategy for the stereoselective synthesis
of chlorotrifluoromethylated pyrrolidines 38 (Scheme 14)."”
This approach displayed a highly regio- and stereoselective
ene-yne cyclization. Their study showed a broad substrate
scope, showcasing 17 new compounds in yields up to 89 %, as
well as achieving high diastereoselectivities (up to 19:1).

The most common conceptual basis for electrochemical
trifluoromethylation is depicted in Scheme 15. A CF; radical
adds to a double bond in an anti-Markovnikov fashion giving
rise to a carbon radical intermediate. Oxidation of this radical
produces a carbocation, which is trapped by a nucleophile.
Using this concept, Kappe, Cantillo and co-workers inves-
tigated the electrooxidative trifluoromethylation of styrenes 39
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Lin (2018) t graphite||Pt
M

undivided cell Ar
— A n(OTf), (10 mol%) Me )=l
VN ligand (bpy 20 mol%) .
X + F3CSONa ————————= "3 )
o 2.0 j=20 mAlcm?,11.0 F, x~'n
Me 37 equiv. 22°C,MgCl, LiCIO, 38
X: N-Tosyl, N-Nosyl, HOACICHLCN vyt
. - 0
N-Boc, aliphatic up to Z/E: 19:1

e

.

Me X

" more
Fsc/ accessible,
X n

Scheme 14. Electrosynthesis of chlorotrifluoromethylated pyrrolidines.

General mechanism:

F,CSO,Na
,~F3CSO(59 Cathode:
o H* +& — "/,H,
\- e_
TMF,CS00—>
o 3 so, CF;
§ N
@

R%\’CF3
l\' e /\Nu

. R/®\/c|:3

Nu
R)\/CF3

Scheme 15. General mechanism for nucleotrifluoromethylation.

followed by vicinal oxygenation. In this process, water plays a
dual role, as a sacrificial reagent for the cathodic reaction and
as a nucleophile leading to oxytrifluoromethylation. A range of
1-hydroxy-2-trifluoromethyl compounds 40 was prepared in
moderate to high yields (27-94%). Moreover, alcohols were
evaluated as yields
(Scheme 15)."¥ Although in lower selectivity and yields, the
authors broadened the scope for alkynes 41.°” The similar

nucleophiles, but gave moderate

nucleophilic character of the alkyne and the aromatic ring
results in a competitive reaction: arenetrifluoromethylation 42
and oxytrifluoromethylation of the alkyne 43 (Scheme 16).

In 2018, the Lei group envisioned a Lewis acid-promoted
). Styrenes
bearing both electron-donating and -withdrawing groups 44
were converted to the difunctionalized products 45 in yields
up to 89%. The reaction exhibited a broad substrate scope
with regard to the alkene. The authors expanded the scope for
other O- and N-nucleophiles. Alcohols, carboxylic acids,

strategy for oxytrifluoromethylation (Scheme 17
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Kappe & Cantillo (2018)

2

R ) g2 OHIOR*
X R graphite||steel R3
| + F.CSO.Na undivided cell | N
R{/ 39 s 3.2F,rt, +” CFs
equiv. BUJNBF, or Et,NBF, R° 40

R': alkyl, halogen, THF/H,0 or 18 examples
ester, nitro acetone/H,0, up to 96 %
R2: hydrogen, alkyl R*.OH/H,0
R®: hydrogen, alkyl R%: Me, Et, i-Pr

RZ
R~
O, R
kx + Q

CF; L\

(o]
R? CF;
©/ graphite||steel éF R2
divided cell 3 43
| + F;CSO,Na 2NEMIGECCEY  ptod5%
R{/ 12 22F rt, °

: Et,NBF,
equlV- acetone/H,0 N CF;
R': alkyl, halogen, ester R— R2
R?: hydrogen, alkyl Z
11 examples
up to 36 %

Scheme 16. Oxytrifluoromethylation of alkenes and alkynes.

Lei (2018)

Nu
@A\ graphite||Pt CF3
undivided cell
+ F,CSO,Na
R 44 2 j=6mAlcm? 33F,rt, g 45
R: alkyl, halogen,®9uiV-  Y(OTf);, Bu,;NBF,, 26 examples
ester, nitro (CH3),NCHO/NuH up to 89%

NuH: alcohol, CH;CN, pyrazol

Huang (2019) NHCOM
e

graphite||Pt
N t ivi CF3
R©/\ 4 FyCSOpNa | Undivided cell __

46 15 Jj=15mAlcm? 5.6F, a7

R: alkyl, halogen, equiv. r.t., Et;NPFg 15 examples
trifluoromethyl, nitrile CH4CN/CH,Cl, up to 91%

Fang & Hu (2079) OCHO

graphite||Pt
N t L CF;
R©/\+ F,CSO,Na undivided cell "

48 2.0 j=1.4mAlcm?, r.t., 49

ﬁ:lalkyl, Phc:nyl, equiv 9.00r17.9F, 14 examples
alogen, ester, X
carboxylic acid, BuyNPFg CuACO/HOAc, upto87%
ketone, ether (CH3),NCHO/H,0

Scheme 17. Oxy- and aminotrifluoromethylation of styrene derivatives.

pyrazoles, and acetonitrile were evaluated, affording the
corresponding  alkoxy-, carboxy-, and aminotrifluorometh-
ylated structures in moderate to high yields. Applying a similar
concept, but without a catalyst, Huang’s and Hu’s group
promoted the aminotrifluoromethylation and formyloxylation-
trifluoromethylation, respectively, with acetonitrile and DMF,
leading to multiple p-trifluoromethylamines and S-trifluoro-
phenylpropyl formates (47 and 49).“" The yields of both

methodologies were comparable to the Lewis acid-promoted

Chem. Rec. 2021, 21, 2502—2525  © 2021 The Authors. Published by The Chemical Society of Japan & Wiley-VCH GmbH

proposed by Lei, achieving yields up to 91% and 87 %,
respectively.

In a similar manner, Chu and co-workers performed the
trifluoromethylation of quinolinones 50 (Scheme 18A)."”
This methodology differs from the previous ones because the
intermediary carbocation undergoes deprotonation instead of a
nucleophilic attack. In this study, 18 trifluoromethylated
quinolinones 51 were synthesized in yields up to 76 %.

5.2 Cascade Reactions

Mo and co-workers demonstrated that electrochemical
trifluoromethylation can also be completed intramolecularly.!
By incorporating nucleophilic moieties — arenes — in the
substrate (52, 54 and 56), the authors achieved the synthesis
of valuable trifluoromethylated N-heterocycles, e.g., oxindoles,
indolines, and hydroisoquilolines (53, 55 and 57), in yields up
to 83% (Scheme 19).

Applying a similar strategy, Ackermann and co-workers
developed a catalyst-free, robust, and mild procedure for direct
electrochemical fluoroalkylation/cyclization of alkenes 58 to
form oxindoles 59 and quinolinones 60 (Scheme 20).%"
Several N-aryl-acrylamides were used as substrates with
electron-rich and electron-deficient substituents. Additionally,
a variety of synthetically useful electrophilic functional groups
were fully tolerated, including chloro, bromo, cyano and ester

Chu (2020)

graphite||Pt

+ F3CSO,Na —; 2
20 j=10 mA/lcm

eqt.Jiv. 7.5F, 25°C, 6h
BuyNPFg, DMSO

R': hydrogen, halogen

R?: hydrogen, halogen 11:’:2";2123
_hitro, alkyl, ester, pyridines ..
Proposed mechanism:

.- F;CSO,Na
o Cathode:
- € H* +& — "H,
™ F,€500— CF, * O |
3 o, CF3 N
R
o RN T
CF3 R?
g !
|l R? N
-e H 2
\ [0}
i H R

Scheme 18. (a) Electrochemical trifluoromethylation of quinolinones; (b)
Proposed mechanism.
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Me
t Pt||Pt N CF,
O\ f+ F,CSO,Na undivided cell RIC &
3.0 Z >N

j=10 mAicm? 3.7 F,

R2 52 €duiV. ggoc MnBr,x 4 H,0, R? 53
R': alkyl, halogen, ester, H,PO, 1,4-dioxane/H,0 15 examples
nitrile, trifluoromethyl up to 83 %

R?: alkyl, phenyl, alcohol

N CO,Et same EtO,C or,
R1,—/ + F;CSO,Na __conditions R“—\
N 3.0 -

)\ equiv.

R? 54 )\RZ

o
1. o 55
R': alkyl, halogen 8 examples
R’ alkyl, ether — upto76%._
Me CF,
PN °$Me s A0
R _L N+ FsCS0,Na SONditions o i
Me 3.0 NN me
0 56 equiv. o 57
R: alkyl, halogen, 7 examples
trifluoromethyl, ether up to 72 %

(0]

)#;(Me
4 same

+F,CSO,Na conditions
3.0

Proposed mechanism:

F5CSO,Na + Mn" 2H*.

,’ N o
N ¥ ©
Sl -e O\ j/ + 2" (S)
2 3 .
® 2 R1| | ©

\ R /
" XN j{‘cps
~ mnt-cr, — & R - Hy*
|
R® R®
CF, CF,
R1@f§\ <& R1€r§\
Z -H*
N N
ke ke

Scheme 19. Electrochemical trifluoromethylation of N-acrylate derivatives.

moieties. Indeed, N-arylcinnamamides were successfully con-
verted to 3,4-dihydroquinolin-2-(1H)-ones under slightly
modified conditions with yields up to 52 %.

Alternatively, Zeng and co-workers developed a reductive
strategy for generating CF; radicals from triflinate. Anodic
oxidation of bromide forms Br,, which reacts with the
triflinate salt to give the triflyl hypobromite in equilibrium
with sulfonyl bromide. Cathodic reduction affords the triflyl
radical, which rapidly decomposes into SO, and a CF; radical.
The CF; radicals were utilized in a trifluoromethylation/
cyclization cascade, rendering oxindoles 62 from N-arylacryla-

mides 61 in high yields (59-90%, Scheme 21)."!
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3
Ackermann (2019) R ~cr,

RT o
R* 7N , 59

RS RVC||Pt R
A undivided cell 15 examples
RT . + FiCSONa g e~ UPIOTT%

X = ,
R2 30 420r48F 23°C, Ph
x:cH,N 58 ®9V EtNCIO, CHCNH,0

R': hydrogen, alkyl,
halogen, trifluoromethyl,
nitrile, phenyl, ester

R?: alkyl, phenyl

R®: hydrogen, alkyl, phenyl
R*: hydrogen, phenyl

~CF3
N (o]

R2 60

2 examples
up to 41 % (d.r. > 20:1)

Scheme 20. Electrochemical trifluoromethylation of N-acrylamides.

R3 # graphite||Pt R® CF
i undivided cell N 3
R + F3c302Na —— R 0
j=2mAlcm? 6.0 F, ~~ N
61 R2 equlv 75 °C, BuyNBr, CH;CN 62 R?
R': alkyl, halogen, ether, trifluoromethyl 12 examples

R2 R®: alkyl, phenyl, benzyl up to 90 %

Proposed mechanism:

e) 0 0
@ F;CSO0+ Br, —> F;C- S =F,C- S Br

2Br -Br oBr o
i ()
® H S
<
S 3 e te) .§
o B o] 3
~ 4 -~
Br, Br + FC-§,
(o]
.50,

CF;

Scheme 21. (a) Electrochemical trifluoromethylation/cyclization cascade of
N-benzylacrylamides;(b) Proposed mechanism.

Zhang’s and Xu’s groups developed an electrochemical
trifluoro-methylation-lactonization sequence (Scheme 22)."””!
Moderate to high yields of 64 were obtained regardless of the
electronic nature of para-substituents, whilst substituents in
ortho- or meta-positions diminished the yield. Fused rings, di-,
and trisubstituted alkenes were tolerated, affording the desired
products in high yields.

Another interesting trifluoromethylation cascade was dem-
onstrated by Claraz and Masson (Scheme 23)."” In this study,
trifluoromethylated morpholine derivates 66 were obtained
through an intramolecular electrochemical oxytrifluorometh-
ylation of N-tethered alken-6-ols 65. Thus, a set of
representative /V-tethered alken-6-ols with various substituents
proved to be suitable substrates, generating the desired
morpholines in yields up to 88%. This methodology can also
be applied to the synthesis of bis(trifluoromethylated) morpho-
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Zhang & Xu (2019)

R P
L1
¥ e °
PUPE - CF;

N undivided cell R3
F;CSO,Na
8 2 j=6.7 mAlcm?, R 64
2.5 equiv. 3.4 F,rt, HOAc, 19 examples
CH;CN/H,0 up to 93%

R': alkyl, halogen
R2: alkyl, aryl, halogen, ether
R®: hydrogen or alkyl

Scheme 22. (a) Electrochemical trifluoromethylation of alkenes followed by
lactonization using F;CSO,Na.

Claraz & Masson (2020) #

- Pg
graphite|[Ni o2 N CF,

IN | N + F;CSO,Na undivided cell
X 2.0 15mA,32F, R' g
R equiv. rt, 7
R': hydrogen, alkyl LiCIO,, CH,CN . TR
R% hydrogen, alkyl, phenyl, benzyl 66
R®: hydrogen, alkyl, halogen 14 examples
Pg: tosyl, nosyl upto 88 %

Ts
rh same
condltlons
OH

Scheme 23. Electrochemical intramolecular oxytrifluoromethylation of V-
tethered alkenyl alcohols.

lines using more equivalents of Langlois reagent. Formation of
a seven-membered oxacycle was possible in 49 % yield.

In 2020, Liao and co-workers introduced the synthesis of
cyclic trifluoromethylated-/V-sulfonylimines 68. The authors
proposed a domino cyclization of N-cyanamide alkenes 67
using Langlois reagent as CF; and SO, source, giving rise to
fused bicyclic compounds in a single process (Scheme 24A) .10
A range of electronically distinct N-aryl cyanamides were
evaluated. Besides, either N-a- or f-naphthyl substituted
cyanamides can also serve as suitable substrates, furnishing the
cyclic trifluoromethyl-NV-sulfonylimines as sole regioisomers.
Notably, N-aryl cyanamides containing a non-activated inter-
nal alkene and heterocyclic moieties, such as 5-substituted
indole, were amenable to this electrochemical transformation.
Further investigations revealed that this reaction was susceptive
to the substitution and the length of the linkage between NV
and alkenyl moieties of cyanamides. Regarding the mechanism
of this transformation, the authors proposed that the carbon
radical intermediate is cyclized in a 5-exo-dig fashion,
rendering an iminyl radical. The capture of SO, by this species
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Liao (2020)

@ CN hite||Pt Q\S,P
graphite .

Pl N CF

undivided cell 1 3

+ FiCSO:Na B @N ).,

R2S

30 j=2.6-44mAlcm?
equiv.  22.3.7F, 30 °C,

1 Bu,NBF,, 18 exampless8
R': alkyl, halogen, ether
Yy 9 CH,CI,/H,0 up to 64%

RZ: alkyl

Proposed mechanism:

Cathode:

-F3CSO,Na H* +& — 1,H,

9 _ @/ HTRZ
S R' :
s +
‘F3csoo’j»'c|=3
so

2

e 5-exo-dlg@/
R1 N CF,

N

lbi

\\ /, \\ //

R1‘\ CF3 “N CF3

-H
0\\//
S.
R‘ ‘N CF3
N o
R2.*

Scheme 24. (a) Electrochemical trifluoromethylation/SO -insertion/cycliza-
tion process by cyclization of N-cyanamide alkenes; (b) Proposed mecha-
nism.

affords a sulfonyl radical, which undergoes further cyclization
to give another radical intermediate. Finally, anodic oxidation
followed by aromatization affords the corresponding product
(Scheme 24B).

Lin, Xu, and co-workers applied the same methodology
they used for difluoromethylation of vinyl azides (Scheme 10)
for trifluoromethylation and formation of diverse 6-trifluor-
oethyl phenanthridines 70 (Scheme 25).5% Products with
electron-donating and electron-withdrawing groups were
obtained in moderate to high yields (up to 63 %). Addition-
ally, the scope of the trifluoromethylation of a series of 2-
azido-/V-(4-methoxy-phenyl) acrylamides 71 was explored,
achieving yields up to 64 %. However, possibly because of the
lack of stability of trifluoromethylated products, no high yields
were obtained.

In 2019, Li etal
trifluoromethyl derivatives 74 through a radical addition-de-

reported the synthesis of vinyl
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Lin & Xu (2020)

= 70 g2
o iR? t graphite||Pt NN j R
A undivided cell |
| + FCSONa ——— I | ¢,
R{ N, 3.0 2.5V vs AgiAgCl R N
: 69 equiv. 25F,N; 3 h, 70
R': alkyl, halogen, ether, ester, LiClOy,
i alky! alogen, ether, ester. MeCN”: o 18 examples
trifluoromethyl 2 up to 63 %
R alkyl, halogen, trifluoromethyl
RZ N 2
R! N ¢ rt R
A ==\ N o}

same conditions
o + F;CSO,Na _Same condions o
3.0

7 equiv. 72
R': alkyl, halogen, ether, trifluoromethyl 10 examples

0,
RZ: alkyl, benzyl, aryl upto 64 %

Selected examples:

oD LG,

62 % 47%(351) 62 %

Scheme 25. Electrochemical trifluoromethylation of biaryl vinyl azide and
acrylamides.

Li et al. (2019)
@ x_CO,H t graphite||Pt

xCF;
divided cell
Rf@/\i F.CSO0,N undivided ce R_@/\,
3.0 j=3mAlcm? 6-11F,

73 " 74
€quiV. t., CF3CH,OH, LiCIO,, 20 examples
R: alkyl, halogen, ether, C3OCH2CHZ0CHIH0  upto 82 %

aldehyde, ester, carboxylic acids,
nitrile, trifluoromethyl

Hong et al. (2019)

X CO-H t graphits[[Pt ~CF;
R_@/\/+ F,CSO,Na undivided cell R_@/\,
75 3.0 j=6mAlcm? 2.6 F, 76

equiv. ¢ Buy,NPFs KO'Bu, 20 examples
R: alkyl, halogen, DMSOICH,CI, up to 88 %
sther, hydroxyl, nitro ..
Proposed mechanism:
F;CSO,Na
F;,CSOZG 2H*

K X COH N o
§ e z COM +2¢
s I — R B

FSCSOZQ CF, l' e H,
- H*, -CO,

Scheme 26. (a) Electrosynthesis of vinyl trifluoromethyl compounds; (b)
Proposed mechanism.
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a,f-Unsaturated aryl
carboxylic acids 73 containing heterocycles and both electron-

carboxylation-sequence (Scheme 26). 47

donating and -withdrawing substituents delivered the corre-
sponding products in yields up to 82% and with £/Z ratios
higher than 99:1. However, highly electron-withdrawing
groups, e.g., nitro, turned out to be a limitation of this
methodology. The proposed mechanism begins with the
reaction of a CF; radical with the vinyl carboxylic acid to form
a relatively stable intermediate species, which spontaneously
decarboxylates and furnishes the desired product (Sche-
me 26B).

Applying similar electrochemical parameters, Hong et al.
proposed the decarboxylative trifluoromethylation of a,f-
unsaturated carboxylic acids 75 (Scheme 26).®! The protocol
was applied to the synthesis of 20 examples of 76 with yields
up to 88%. The reaction could be scaled-up to 0.80 g of the
desired product.

Studer and co-workers described an electrocatalytic method
for the preparation of 6-(trifluoromethyl)phenanthridines 78
via trifluoromethylation of biaryl isonitriles 77 (Scheme 27).1*!
Here, a quasi-divided cell was used, this one combines

Studer (2018)

>ji> Pt||Pt
quas: -divided cell

+
NG FiC 20 j=0.048 mAlcm?

77 equiv- ~ g 075 F, 80 °C,
BuyNPFg, 1,4-dioxane
R': hydrogen, alkyl, halogen
R2: hydrogen, alkyl, halogen,
ether, nitrile, ester, trifluoromethyl, trimethylsilyl

15 examples
up to 80 %

Scheme 27. (a) Electrosynthesis of trifluoromethylphenanthridines; (b)
Mechanism for electrochemical trifluoromethylation of biaryl isonitriles.
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characteristics of a divided and an undivided cell.®” The
method tolerates a variety of functional groups, e.g., nitriles,
halogens, ethers, and esters, and substitution patterns. The
most interesting aspect of this work is the catalytic amount of
electric charge (0.075 F): One electron can induce more than
8 catalytic cycles before termination of the chain reaction
occurred. The catalytic activity of the electron can be seen in
the mechanism (Scheme 27B). The CF; radical, generated by
single electron reduction of Togni’s reagent II, adds to the
isonitrile and affords an imidoyl radical intermediate. After
cyclization, the cyclohexadienyl radical is deprotonated by the
ortho-iodobenzoate. The radical anion formed can in turn
transfer an electron to Togni’s reagent II.

Following the methodology presented in section 4, Yuan
etal. expanded their fluoromethylation/cyclization/indole oxi-
dative cleavage of N-substituted 2-aryl indole to trifluorometh-

BU 17 examples (80) were tested showing

ylation derivates.
yields up to 80% achieving excellent stereoselectivity
(Scheme 28). The variation in the electronic properties of the
substituents at the para position of the 2-phenyl moiety of the
N-substituted 2-aryl indole was found to have little influence
on its catalytic efficiency. Electron-neutral substituents, elec-
tron-withdrawing groups and electron-donating group were
successfully introduced into the structure. The presence of a
phenyl at the C3-position of the indole ring was found to be
tolerated, resulting in the formation of their corresponding
products with efficiency. Various substituents at the C5-
position of the indole ring were also readily tolerated in this
system, delivering the corresponding products in good to
moderate yields. Besides these examples, substrates containing
an electron-donating methyl group at the C6-position of the
indole ring were found to be similarly suitable.

Yuan (2021)

R3 R3
R2 AN Q graphite||Pt R2 Oo
N R' F,CSO,Na _/_undivided cell N
_[ undividedce? \
to20 j=4mAlcm? 5F, R
0" L4 79  €quiv. 50 °C, Et,;NCIO, 80 O

4
R': alkyl, halogen, OMe, CF; CH3;CN/H,0 ] R | CF3
5 7 examples
e, o, o
selected examples
Me

Jeus
Me N

F;C
J

B

~

80% (16:1) 63% (13:1, /B = 1.6/1)

Scheme 28. Electrocatalytic trifluoromethylation/cyclization/indole oxidative
cleavage reaction.
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5.3. Rearrangements

Addition of a CF; radical to a double bond can be followed by
a skeletal rearrangement, which can generate retrosynthetic
intersections that are not obvious on the first glance. Taking
this into consideration, Chen/Zhang, Lei and Kim’s groups
disclosed an interesting approach based on the electrochemical
semi-pinacol rearrangement of allyl alcohols (81, 83, 84 and
87) with a CF; radical (Scheme 29). This approach generates
[S-functionalized ketones (82, 85, 86, and 88) with an a-

quaternary carbon.”"

Chen & Zhang (2019)

@ hite||Pt o]
.**R' OH t grap!
: +  F;CSO;Na undivided cell Rl

"R R CF;
1o 81 20 j=8mAlcm®28F, . R'R? 8
. equiv. t., LiCIO a
R': alkyl, phenyl r.t, LiCIO,,
= alkyl, pheny CH,CNIH,0 17 examples
. _( up to 85 %
el
 Lei (2019) o)
R' OH
) R! CF,
ROT e t graphite||Fe RER® g5
R undivided cell 35 examples
. ?I' + F3;CSO;Na up to 65 %
~"R'OH 1.7 j =10 mAicm?, or
RZV equiv.  25Frt, 9
5 84 Bu,NBF, CH,CN  R! CF,
R': alkyl, arene . .RZ R® 86
R?: alkyl, arene 9 examples
R®: hydrogen, methyl, ethyl, phenyl up to 63 %
[ Kim (2019)
. Pt||Pt o R
. 1
SRPTMS # undivided cell
NP N FiCSONa ————— s CF
R 8 R 20 j=3mAlem? 14F T, U0
R': alk :? he‘:‘7| equiv. r.t, LiCIO,, feeae 88
Rzl alkyl, :reney CH3;CN/H,0 16 examples
- alkyl, up to 87 %
R®: hydrogen, alkyl | o oy same o
ph~ "~ _conditions CF,
Ph
53 %
Proposed mechanism:
F,CSO,Na
o .
.-F4CS0, OR3 2H0+2H"
; R4 R2 N
g . 1 * S
< -e R!, . FsC +tde IS
SR t — ¢ ORY i =
“w . LJ R4 * «’
F,CS0,— CF . 20H +2H,
.80, = ° . e-l Rl
Fscj‘)? FsC
3
® (OR
2 -— 2
RiG1 ® .RPOH RJ‘\\,(/R "
R' .

R®: hydrogen, trimethylsilyl

Scheme 29. (a) Electrochemical trifluoromethylation/semi-pinacol rearrange-
ment sequence; (b) General mechanism.
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Through Chen and Zhang’s methodology several deriva-
tives were synthesized in high yields up to 85%." Lei
expanded the scope of this transformation. According to their
results, electronic factors of the aryl group have significant
influence on the migration. Electron-rich aryl groups migrate
more easily than electron-deficient, suggesting that carbocation
intermediates might be present.

The a-alkyl-a-aryl allyl alcohols were found to exhibit
impressive reactivity with F;CSO,Na. High selectivity was
observed, and only aryl-migration products were obtained
(vields up to 659%). Furthermore, the authors described an
electrochemical ring expansion, allowing the synthesis of f-
trifluoromethyl cyclic ketones in moderate yields.®™ On the
other hand, Kim and co-workers achieved high yields on a
similar type of transformation, using TMS-protected alcohols.
The electrolysis provides the synthesis of p-trifluoro-meth-
ylated ketones by the transformation of alkenyl alcohols into
trifluoromethyl-substituted ketones. 17 substrates were success-
fully functionalized (yields up to 87 %)."'

5.4. Trifluoromethylation of Arenes and Heteroarenes

Although some complex structures could be trifluorometh-
ylated, the protocols often failed to functionalize simple and
important buildings blocks such arenes and heteroarenes due
the selectivity. Regioselectivity is the major problem in electro-
chemical arene trifluoromethylation, and many of these
reactions give mixtures of regioisomers, which are hard to
separate. To avoid this problem, substrates with only one
replacement site have often been used. In the literature, many
examples of these are seen and they are demonstrated below.

In 1989, Périchon and co-workers reported a cathodic
procedure, in which a sacrificial copper anode generates

CuCF; from F;CBr (Scheme 30). In this report, the CuCF;

Périchon (1992)
Cul||steel

Hal #
undivided cell
R*@;g + F4CBr

~2550 J=15 mA/cm?, 3.9 F, 95 °C,

CF,
R_@eo

ﬁi:t:::elogi::c; equiv.  (CH3);NCH,CH,;N(CH3); 16 examples
’ ’ Bu,NBr, DMF up to 98 %

ether, ester

selected examples:

CF;
o8 o "

90 % 98 % 91% 32 %
CF3©fCOZMe(j ~CFs
L OO o
O,N CF; “N° CF, N” s~ CFs
98%  54% 95 % 98 % 88 %

Scheme 30. Electrochemical reductive trifluoromethylation of carbonyl
compounds and electrochemical trifluoromethylation of heteroaryl halides.
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reacts with aromatic halides 89 to achieve trifluoromethylated
arenes 90 with yields up to 98%.°” This protocol was a
remarkable advance compared to prior procedures, mainly
because it allows the use of less reactive F;CBr instead of the
largely employed but expensive F;CI.

In 1997, Grinberg and co-workers reported one of the first
oxidative trifluoromethylation of arenes using TFA.®! Even
though moderate conversions (up to 51 %) were obtained,
important mechanistic features were described, such as the
correlation between the absorptivity and the rate of electro-
oxidation of arenes on the surface of the platinum electrode.

Later, Tommasino and co-workers investigated the electro-
chemical trifluoromethylation of electron-rich arenes by
exploiting the convenient oxidation potential of F;CSO,K."”
Moderate yields were obtained, which the authors attributed
to side reactions such as the formation of F;CH or
dimerization to C,F,, as well as over-oxidation of the
substrates, and formation of regioisomers.

In 2018, Raj and co-workers demonstrated that isonico-
tinic acid hydrazide is a suitable substrate for electrochemical
trifluoromethylation, albeit with moderate conversion.”®
Gao’s and Lei’s groups published an analogous procedure, in
which the electrochemical trifluoromethylation of aromatic
compounds 91 was shown (Scheme 31).*”7 More than 15
aromatic substrates 92 were evaluated achieving yields up to
90%. Here, the reactivity of the substrates depends on the
substitution pattern. Electron-rich arenes gave higher yields.

Using (F;CSO,),Zn instead of Langlois reagent or TFA,
Blackmond, Baran, and co-workers developed an electro-
chemical strategy for the trifluoromethylation of small N-
heterocyclic pharmacophores 93 (Scheme 32).”¢ Several het-
erocycles 94 — 25 examples — were successfully functionalized
up to gram scale.

Gao & Lei (2019)

t grqp!\itellFe CF,
R @ + FiCSONa Undividedcell ©/
2tk t91 2.0 j=3.5mAlcm? 6.0F, 92
HE:| , eter, iv. o
scoyl alogen,  *** 250 ST 15 eapes
ester, trifluoromethyl 3 2
Selected examples: fo)
o CF,
Me. N o HN)K©
Py | H—CcF, [ _ s N
07N g o |
Me CF; F,;C
78% 62% 52%
Limitations:
H,N MeO O,N
CF;
traces 0% 10% 0%

Scheme 31. Electrochemical trifluoromethylation of aromatic compounds.
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Blackmond & Baran (2074)

R + (F4CS0,),Zn
93 1.4

' j=0.52mAlcm?, 4.1 F,
R: alkyl,halogen, equiv. r.t., Et;NCIO, (CH3),SO 25 examples

graphite||graphite
ZF_ divided cell g

nitrile, nitro, ester, up to 92%
ketone, hydroxy, amine
‘Selected examples: T
Me Me Me Me
Fs:C__ N FiC N Fs:C_N MeOC
Yo Xpcome Yo reE
Meo,c~ N N o,N~ N
53% 33% 47% 38%
C5:C291:9 C5:C4 95:5 C5:C287:13 (C5:C250:50
i oN_ [/ |oH
Ph ‘ N I >—Me
/ CO,Me F.c” N
F3C 19% 3% 5oy,

(from ketorolac methyl ester) (from metronidazole)

Scheme 32. Electrochemical trifluoromethylation of N-heterocycles.

Employing a cooperative photo-electrochemical approach,
Ackermann and co-workers developed a methodology for the
trifluoromethylation of arenes 95 (Scheme 33A).°* The
electro-photochemical conditions allow for a maximum for-
mation of CF; radicals leading to high chemoselectivity. A
wide range of arenes proved to be compatible, furnishing the
trifluoromethylated products 96 with high yields (up to 77 %).
Notably, ester and amide moieties were tolerated. The
proposed mechanism starts with the anodic oxidation of the
organophotocatalyst  (9-mesityl-10-methylacridinium  ion,
Mes-Acrt) which is then irradiated to its excited state, Mes-
Acr™. A SET process between Mes-Acr™’
forms the CF; radical, which attacks the arene. Oxidation and
loss of a proton delivers the desired product (Scheme 33B).

During studies focused on the redox chemistry of
cobalamin (vitamin B12) derivatives, Hisaeda, Ono and co-

and the sulfinate

workers reported a cobalt-catalyzed photo-electrochemical
trifluoromethylation of arenes 97 (Scheme 34A).°” Electron-
rich (hetero)arenes could be trifluoromethylated in moderate
yields (58%). The important mechanistic step is the electro-
chemical reduction of Co(II) to a Co(I) complex, which acts as
€ and forms a Co(Ill)-trifluoromethyl
complex. Photoinduced homolysis of the cobalt-carbon bond
releases a CF; radical, which reacts with the arene (Sche-
me 34B). While this example is interesting from a mechanistic
perspective, the use of sacrificial electrodes is not desirable in

a supernucleophile

terms of sustainability and economy.

Kappe and Cantillo reported a metal-free cathodic
trifluoromethylation (Scheme 35).1"
the reduction of a trifluoromethylsulfonyltrimethylammonium
complex, which is formed in situ from triflyl chloride and
triethylamine. Fragmentation furnishes the CF; radical that
reacts with the arene 99 (Scheme 35B). Electron-rich arenes
gave higher yields than electron-poor ones, e.g., ketone-,

Their strategy consists of

Chem. Rec. 2021, 21, 2502—2525  © 2021 The Authors. Published by The Chemical Society of Japan & Wiley-VCH GmbH

undivided cell
@ A: [Mes-Acr*]CIO,

B: [Ru(bpy);](PFe),
rR1@)] + Fics0Na R
95 20 Jj=3mAlcm? 4.8-9.6 F,
R: alkyl, ether, €quiv. r.t.,, LiCIO4 CH;CN,

halogen, ester, blue LED, N,
ketone amide

Ackermann (2020) # graphite]|Pt

CF;
9,
22 examples
up to 79 %

5

Me 45 /o (A)
(from theobromine)

Me 70%(A) 0
(from caffeine)
CO,Me

Me 65 % (A)
(from doxofylline)

s }\)t )~CF4

72 % (A)
(from pentoxifylline)

CF; 64 % (B) )\N

55 %, 3:1 (B)
(from methyl estrone) (from tryptophan

Proposed mechanism:

. /Fscsoz sor o>+ R@

. reductant
N SEL F,CcSO,Na |
e A* ~_-CF3
% i excited state R+ e ,
\\ + A/“’W‘" m
ground state -e l
— +
A: [Mes-Acr'ICIO, WY cr,
Cathode: R_@

H* +e-— ',H,

Scheme 33. (a) Electrophotocatalytic trifluoromethylation of arenes; (b)
Proposed mechanism.

nitrile-, or ester-substituted. Oxidation-sensitive thioanisole
and heteroarenes containing nitrogen, sulfur, and oxygen were
successfully functionalized. Some complex structures such as
caffeine and pentoxifylline were trifluoromethylated in moder-
ate yields.

Applying the concept of their previous report,'
co-workers described the synthesis of trifluoromethylated
arenes 102. Important pharmacophores such as coumarin,

Zeng and

thiazole, pyrimidine, and quinoxalinone were obtained in
moderate yields (18-65%, Scheme 36).” The examples
available in literature largely circumvent formation of re-
gioisomers since the chosen heteroarenes have only one
possible substitution site. In general, the electrophilic character
of the CF; radical can lead to an orthogonal regioselectivity in
Minisci-type substitutions compared to the conventionally
employed nucleophilic alkyl radicals.

To overcome problems with mass transport in paired
electrolysis, alternating current electrolysis (ACE) can be used.
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Hisaeda & Ono (2017)
® ) e

undivided cell

£ F4Cl i
: @ e [Col-catalyst, @:8

E =-0.8 Vvs Ag/AgCI, r.t., 0
Bu,NCIO,, CH;OH, 58 %

Meozc COZMe

cathode

Scheme 34. a) Electrochemical trifluoromethylation of heteroarenes and
structure of the heptamethyl cobyrinate perchlorate; ¢) Proposed mechanism.

Kappe & Cantillo (2019)
@ # graphite||graphite
@ 4 F4CS0.CI undivided cell

R~ .
0 (3'0'5ifEet:‘”"")’ j=7-26 mAlcm? 2-8 F,
r.t, Et;NBF, CH;CN
R: hydrogen, alkyl, ether,
halogen, nitro, aldehyde,
ketone, ester, thioether, nitrile

Proposed mechanism: in-situ
F3CS0O,CI + Et;N — [F3CSO,NEt;]

CF,
@
100

32 examples
up to 86 %

My EtyN

cathode

fragmentation
-—

1 + .
~ Et;N F,CSOj + Et;N
-S0,

o .

[F3CSO,NEt;]”
°cF, N CFs o
SRS B

R@ ) @CF3

Scheme 35. (a) Electrochemical trifluoromethylation of arenes; (b) Proposed
mechanism.

Here, the polarity of both electrodes is reversed by inverting
the cell voltage with a set frequency. The most used voltage

Chem. Rec. 2021, 21, 2502—2525  © 2021 The Authors. Published by The Chemical Society of Japan & Wiley-VCH GmbH

Z 2019
graphite[[Pt

H #undivided cell CFs
rRIE® +(FCSO)Zn_—>R
o1 To0 1=5mAem?, e 102

R: alkyl, halogen, equiv. 3.1-5.0 F, 50 °C, 23 examples
hydroxy, nitro, ether Et,;NBr, CH,CN up to 65%

Selected exam les:

37% 18% H 329,

Scheme 36. Minisci-type trifluoromethylation.

function is a square wave. As a result, both electrodes are
alternately anode and cathode, and the reactive species do not
need to diffuse to the respective counter-electrode but can stay
near the electrode. As soon as the cell voltage is inverted, the
electrodes change from oxidizing to reducing and vice versa.
Additionally, to the parameters of an electrolysis, the frequency
of the alternating current becomes important since it needs to
match the rates of all interjacent chemical steps, so that the
chemical species to be oxidized/reduced are present when the
electrode potential switches. Using this technique, Luo and co-
workers developed an ACE for the trifluoromethylation of
(hetero)arenes (103 and 104, Scheme 37).° In this case, the
reaction was initiated by reducing triflyl chloride to CF;
radicals. The CF; radicals react with an (hetero)arene to form
an intermediate radical, which is subsequently oxidized to an
allylic cation at the same electrode, but at the inverted

Luo (2020)

@ o x
# graphite||graphite Fs 105
< IR undivided cell “Ugr
+ F,C80,01 ———— o or

103 or 20 100 Hz, 2.8-4.8V CFs
R equiv. rt., K,HPO, R @

104 CH4CN, 106
R: alkyl, aryl 24h, argon 19 examples
ester, ketone up to 64%
X:0,Nand S
Proposed mechanism:

FOSOC ) T
- vp
-+ F,CS00 CF,

-S0,, -CI”

C X
o
UR UR

Scheme 37. (a) Alternating current clectrolysis for trifluoromethylation of
(hetero)arenes; (b) Proposed mechanism.

X
e

(]
3
S
1%
2
] -
S|
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potential. Deprotonation furnishes the trifluoromethylated

product (105 and 106).

5.5 Trifluoromethylation of Carbonyl Compounds

When CF; moieties are added to carbonyl groups, interesting
quarternary carbon-containing compounds can be formed.
Thinking of that, in 1989, Périchon and co-workers reported
an electrochemical trifluoromethylation of carbonyls (107 and
108) (Scheme 38)." Instead of electrochemical generation of
CF; radicals, Zn(0) was electrolytically generated in situ from
a sacrificial anode. Reaction with F;CBr furnishes F;CZnBr,
which adds to the carbonyl.

Aiming at the trifluoromethylation of aldehydes, Yuan and
co-workers recently reported a direct cathodic activation of
trifluoromethyltrimethylsilane ~ (Scheme 39).”) The authors
claim that the addition products 112 could be isolated in high
yields up to 95% with an average yield of 85% for 14
examples. Surprisingly, even electrochemically critical func-
tional groups, e.g., iodo- or nitroarenes, are suggested to be
tolerated under the described conditions. Disappointingly, the
authors fail to discuss the catalytic behavior of the electron,
which they claim in their figures (0.075 F). Even more
alarming is the mechanistic discussion that makes the
publication‘s claims appear questionable and will therefore not
be shown here.

5.6 Trifluoromethylation of Thiophenols

A potentially electrocatalytic trifluoromethylation of oxidation-
sensitive thiophenols 113 with F;CBr was described by
Their potentiostatic protocol
uses SO, as redox mediator (Scheme 40). Besides via cathodic

Koshechko and co-workers./*®

Périchon (71989)
# Zn||Ni R R
divided cell

JJ\ or JJ\+ FyCBr V28 yo—LcF, HO—fCF,
R" “H j =15 mAicm?, H or R2

107 108 280r6.7F.-10 °C 109 110
R': alkyl, aryl ’ Bu N.Br ,DMF 7 examples 9 examples
R?: alkyl, aryl 4TEh upto 95% upto57 %

Scheme 38. Electrochemical reductive trifluoromethylation of carbonyl
compounds and electrochemical trifluoromethylation of heteroaryl halides.

Pt||Cu
undivided cell

g

l]\ + Me;Si-CF;

3s|o+CF3

H j=2mAicm?,
1.5 112
111 oquiv. OOTSFrt 14 examplos
R': alkyl, aryl BuyNBr, CH,Cl, up to 95 %

Scheme 39. Electrochemical reductive trifluoromethylation of aldehydes by
cathodic activation of trifluoromethyltrimethylsilane.
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Koshechko (7993 & 1995)
® # PH||Pt

SH undivided cell Ss
) .
13 equiv $0,/(CH3),NCHO, 114
"P=-0.9to-1.0 Vvs Ag/AgCl, 5 examples
R: hydrogen, 0.12-1.0 F, r.t, EL,NCIO,  yp to 94%

amide, halogen, nitro Py, (CH3),NCHO

Proposed mechanism:

CF3;B 0\‘
3br ,/S
o N
S} | ©
Br +6 |
| <
+ 154
° \:30’ S

SH &
R +
©/ Sy . E j/s“ca

Scheme 40. (a) Electrochemical trifluoromethylation of thiophenols; (b)
Proposed mechanism.

reduction, the active reducing species can be generated via
SET from the trifluoromethyl-thioether radical anion.

Recently Xu and co-workers demonstrated that electro-
chemical trifluoromethylation of thiophenols can be achieved
using a mechanism similar to Zeng’s and co-workers.””! In
their approach, thiyl radicals and molecular bromine are
formed at the anode. The authors claim that trifluoromethane-
sulfinic hypobromous anhydride, which they incorrectly
named ‘sulfonyl hypobromide’, is formed by the reaction of
molecular bromine and trifluoromethanesulfinate. While we
acknowledge the equilibrium of their proposed anhydride and
trifluoromethanesulfonyl bromide, the authors fail to provide
any evidence for the existence of the sulfinic hypobromous
anhydride or the necessity for its involvement in the reaction.
In our opinion, trifluoromethanesulfonyl bromide is the more
likely intermediate, formed directly by nucleophilic attack of
the sulfinate on molecular bromine. Afterwards, the sulfonyl
bromide is reduced at the cathode to form SO,, bromide, and
a CF; radical. The CF; radical reacts with disulfide to form the
desired product 116 (Scheme 41).

6. Perfluoroalkylation

The introduction of perfluoroalkyl substituents into organic
compounds is a sought-after objective in view of the
applications. Most of the reactions for perfluoroalkylation
described so far proceed via perfluoroalkyl radicals. The C,F,,
+1 radicals are produced from the parent perfluoroalkyl halides
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# graphite||graphite
undivided cell

SH S,
R@( + FiCSO,Na __ undividedcell R©/ CF;
115 3 j=6.7mAlcm? 3.7F 16

equiv.
quiv. r.t., NaBr, BuyNBF, 23 examples

R: hydroxyl, thiol, amide, amine CH;CN up to 76%
ester, halogen, nitro, aldehyde
Proposed mechanism:
)
-~ Br
€ 0 o]
bR €] // 1 ®
| "="Br, + Fi,CS00 —= FC-S ==F;C—S—Br |5
3 OBr 0 . [
5] .- RSH N S
;o +e
-e J
. o] .
< . ° 7 .
RS == Rs-SR + CF3 =—— FC-§  ~
-302 (o]
| ‘o
Br

RS=CF,

Scheme 41. (a) Electrochemical trifluoromethylation of thiophenols; (b)
Proposed mechanism.

8] Few examples for electro-

by photolysis or thermolysis.
chemical perfluoroalkylation are reported in literature.

In 1996, Médebielle demonstrated the indirect electro-
chemical reduction of perfluoroalkyl halides (F;CBr, 7-C/Fol,
n-CgF 51, I(CF,),l) in the presence of imidazole, purine,
pyrimidine, and indolyl anions to give perfluoroalkyl-substi-
tuted nitrogen heterocycles (118, 120, 122, and 124)."” This
electrocatalytic method allows for one-step preparation of
pharmaceutically interesting compounds (Scheme 42). The
mechanism follows a Syl pathway: The required perfluor-
oalkyl radical is generated via reduction of the corresponding
perfluoroalkyl halide. The catalytic cycle is initiated by
cathodic reduction of an initiator substance (P) to a radical
anion. P also acts as a promoter for the catalytic cycle. Direct
electrolysis of the perfluoroalkyl iodides lead to rapid
passivation of the cathode (Scheme 42 B).

Budnikova et al. investigated the electrochemical perfluor-
oalkylation of aromatic and heteroaromatic compounds 125
with IC.F,; catalyzed by [(bpy)FeCl;] or [(bpy)FeCl]
(Scheme 43A)."" The mechanism of this reaction involves the
oxidative addition of C4F ;I to [(bpy)Fe(Il)] giving perfluor-
oalkylated iron complexes. Subsequently, the Fe(IIl) species is
reduced, followed by reductive homolysis generating a per-
fluoroalkyl radical, that attacks the arene. Five perfluoroalky-
lated arenes were prepared in yields up to 83 % (Scheme 43B).

Later, Hisaeda, Ono, and co-workers used their cobalt-
catalyzed photo-electrochemical approach for fluorometh-
ylation.®” Electron-rich (hetero)arenes 127 could be perfluor-
oalkylated in moderate to high yields (10-84 %) (Scheme 44).
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Médebielle (2000)

@ r?

RZ
' " #graphite”graphite "
)N\)je\> + n-C,Fql undivided cell )Nl\)j \%C“Fg
R! N/® N 447 1.45Vvs SCE, R1“>N7 N
H 118

0.0023 or 0.0032 F, r.t.,

NMe,
5.8 equi: PhNgt“’:(B:I'-:IM) so 6 examples
: ) 2, (CHs), 0
R': H, OH up to 75%
R%:NHy, OH, NHCH,CgHs, NHCHofuryl, CI
R2 R2
N same N
M= conditions N7\
)\/io\> + n-CeFygl ————— A >—CeF13
R ON"gN RN N
NMe, 119 H 120
i 2 examples
R':H 5.8 equiv. o 48

R2:NHCH,C¢Hs, CI

Rz R2
N7 N\ cosg?t}zns N7 N\
AL <'3> +UCFo) ————— Il N>—(CF2)3°F2'
RN RN
e, 121 H 122

NMe,
5.8 equiv. 2 examples
R':H up to 40%
RENHg OM
R’ R
2 2
R graphite||graphite R
undivided cell
N+ nCyFql N—C,Fo
N -1.45V vs SCE, N
H 123 0.0023 or 0.0029 F, r.t., H 124
§ NMe4OH x 5H,0 or K,CO,,
5.8 equiv. 4 2223 g ovamples
Et,NBF,, PhNO,, (CH5),SO pe
R': H, CF; up to 58%

R?:COOH, CH,COOH, CH,CH,COOH, CH,COOCH,

P: Terephthalonitrile, nitrobenzene,
4-nitropyridine N-oxide

P .
o \ Re: F3CBr, n-C,4Fgl, n-CgF 43, I(CF,),l
o \
‘M + e Initiation ; R2
P Rrx = s N T
Chain R1"NF TN
propagation
R2 -
RZ
N N N
J\ =z \>_RF N| b \>_RF
RN TN R1J\N/ N

Scheme 42. (a) Electrocatalytic synthesis of perfluoroalkyl-substituted hetero-
cycles; (b) Proposed mechanism.

7. Electrosynthetic Fluoromethylation in Flow

Electrochemical microreactors with electrodes integrated into a
flow path can afford rapid and efficient electrochemical
reactions due to the intrinsic properties of the flow regime.
Under these conditions, the distance between the electrodes
can be reduced dramatically and enable more efficient electron

1
transfer processes.”"
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Budnikova (2015) # PY|Pt

divided cell

CeF
Fe(bpy)ICl; 10 mol% 6713
R—@/ + CeF 13l [Fe(bpy)ICl3 o R@
E =-1.0 V vs Ag/AgClI, 126
125 0.019 F, r.t,, 5 examples
R: hydrogen, alkyl DMF, argon up to 83 %

Selected examples:

o Me
YC6F13 Me. N
8 N
2 L Lo
ceF; © NN
53 % 559 6 13 Me 83 %
ratio: 5:1 ratio: 20:1

Proposed mechanism:
_- Y1, [(bpy)Fe1,

+ e

™ 11, [(bpy)Fe'l
leFm' _

- py)FeV< "]

.+ .

Cathode

h

> [CeFy3Fe" (bpy)]
e CeFq3l

™ [CeFysFe'(bpy)] — [(bpy)Fe']
l Reductive homolysis

[ ]
CeF13

~_H ~_H CeF13

Scheme 43. (a) Electrochemical [(bpy)Fe]-catalyzed perfluoroalkylation of

(hetero)arenes; (b) Proposed mechanism.

Hisaeda & Ono (2017)

# Zn||Pt
CE undivided cell n'CnF2n+1
R + N-CFan4q R G’
9.0 [Co]-catalyst, 128

127 " -0.8 V vs Ag/AgCl, r. t.,
equt BusNCIO, CH,OH,  25examples
s ’ o,
R: alkyl, ether hv (> 420 nm) up to 84%

Selected examples:

OMe @ CaF7

C.F N C4Fg
3F7 A\ Me
N
MeO OMe Me
84% 49% 56%

Scheme 44. Electrochemical fluoroalkylation of heteroarenes.

Taking advantage of electrochemical microreactors, Wirth
and co-workers developed a continuous-flow di- and
trifluoromethylation method of electron-deficient alkenes 129
through electrolysis of trifluoroacetic acid (Scheme 45). To
perform this reaction, a microreactor containing a flow

2
Wirth (2014) "03CR1 R
R'O
Pt||Pt
® I P e

# electrochemical R F3
0 F;CCOOH microreactor 4 examples 130
Y + or up to 52%

R' 429 HCF,COOH

or
2
0.7 j=28 mAicm? 69 s, r.t., F2HCR1 R
equiv. NEt; CH;CN/H,0 ENAVA® 5
1.
R': hydrogen, alkyl R2 CHF,

R?: ether
4 examples 131
up to 40%
FsC
Pt||Pt I\CFs
F3;CCOOH # electrochemical RHN
Z + : or microreactor o 133
up to 67%
e 9 HCF,COOH or
192 16.0 j=111 mAlcm? 28 s, r.t., F,HC
equiv. NEt;, CHyCN/H,0 I\C“FZ
R: hydrogen, methyl RHN™ O 134
2 examples
up to 47%

Scheme 45. (a) Trifluoromethylation/dimerization of acrylates using a
continuous microreactor; (b) Bis (trifluoromethylation) of acrylamide in
continuous flow.

channel sandwiched with two platinum electrodes was
assembled. Different acrylates were used as CF,H and CF;
radical acceptors within very short reaction times (69 s) under
constant current reaching yields up to 52%. Later, the authors
used acrylamide 132 as substrate and higher currents to obtain
the desired bis(difluoromethylation) 133 and  bis-
(trifluoromethylation) 134 products in high chemical yield.””

Flow chemistry systems can be coupled to analytical tools
such as NMR, FTIR, GC or HPLC for real-time monitoring
of chemical reactions. In 2014, Blackmond’s and Baran’s
groups employed this kind of approach to monitor the
electrochemical trifluoromethylation of imidazole and deriva-
tives 135 with (F;CSO,),Zn (Scheme 46). The whole system
consists of an FTIR flow cell and an electrochemical reaction
cell with a recycle system. The reaction mixture was pumped
from the electrochemical cell through the FTIR flow cell and
back to the first one. The electrochemical cell was composed
of carbon cloth electrodes. Monitoring the reaction in real-
time provided a precise measurement of product formation
when some parameters were changed, and the optimized
reaction conditions could be easily obtained."””

Often, batch experiments are repeated using continuous
flow methodologies to achieve higher yields or selectivities.
Ackerman and co-workers developed a flow methodology for
electrosynthetic trifluoromethylation of aromatic and hetero-
aromatic compounds 137 (Scheme 47). A modular electro
flow-cell followed by a looped transparent tube delivered under
irradiation the desired product 138 with high efficiency in

Chem. Rec. 2021, 21, 2502—2525  © 2021 The Authors. Published by The Chemical Society of Japan & Wiley-VCH GmbH Wiley Online Library 2521

85U8017 SUOWILLOD 3ATe810 3(dealdde ayy Aq peusenob ae Sapie YO ‘8sN JO S9INJ o} Akeid18UIUO A8]IM UO (SUO1IPUOO-pUe-SWISI W00 A8 |Im A eIq U1 |Uo//SdNL) SUORIPUOD PUe SWB | 81 88S *[2Z0z/0T/LT] uo Ariqi]auliuo A|iMm ‘Auewss aueiydod Ag S9000TZ0Z 10/200T OT/I0P/W0d A8 | IM ARiqipul|uo//sdny wouy pepeojumod ‘6 ‘TZ0Z ‘T69082ST



Record Review

THE CHEMICAL RECORD

Blackmond & Baran (2074)

CO,Me t graphite||graphite CO,Me
N { undivided cell N {
U N + (F€SOppzn ——————=—> |

N constant current, r.t., ~\ CF;
Et,NCIO, (CHy),NCHO .. 136

Continuous flow + FTIR

S

Pump
real-time
analysis FTIR

anode
cathode |

EIectrochicaI
cell

Scheme 46. Electrochemical reactor with recycle through transmission FTIR
cell to monitor the trifluoromethylation of heteroarenes.

undivided cell
A: [Mes-Acr*]CIO,
B: [Ru(bpy);](PFs),

Me
microreactor CF3
+ F3C302Na @—”mmlA
Me
equw 138

2

=3 mA/cm*, 4.8-9.6 F, using A: 76 %

rt LiClO, CH3CN,  ysing B: 15%
blue LED, N,

Ackermann (2020) # graphite||Pt

Scheme 47. Electrophotochemical C—H  trifluoromethylation in a flow
setup.

yields up to 76%. This work is complementary to the study
shown in section 5.2. A similar result in terms of conversion
time was drastically

was achieved, but the reaction

shortened.”®

8. Conclusion and Outlook

Since the end of the last century, there was a notorious
evolution in the field of electrochemical fluoroalkylation. At
first, trifluoroacetic acid was the most employed trifluorometh-
yl source. However, due to its high redox potential, over the
years the electrosynthetic community has turned its attention
to easier oxidizable fluoroalkyl radical sources, mostly sulfi-
nates. This new approach broadened the scope of possible
transformations and, therefore, several examples of electro-
chemical mono-, di- and trifluoromethylation, and perfluor-
oalkylation under mild conditions are described in literature.
Substantial efforts have been made in this emerging field,
resulting in huge advances over the last decade. The protocols
present in literature allow the straightforward introduction of

Chem. Rec. 2021, 21, 2502—2525
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fluorinated alkyl groups with high selectivity and yields for a
wide range of substrates, such as olefins, alkynes, aromatic and
heterocyclic compounds. In addition, unusual cathodic electro-
chemical transformations emerge as an interesting approach
for oxidation-sensitive substrates. Great advances have been
made in this matter by either merging it with photocatalysis or
employing mediators, allowing more feasible electrochemical
procedures. Still, there are a lot of improvements to be made
in this field, especially the huge excess of perfluoroalkyl radical
precursors used as well as the low faradaic efficiencies need to
be overcome. Interestingly, the combination of electrosynthetic
fluoroalkylation and continuous-flow control generates a
synergism effect that offers a valuable alternative to conven-
tional synthesis pathways. Finally, as fluoroalkylated com-
pounds have demonstrated their broad applicability in
pharmaceutical, agrochemical, and fine chemical industries,
the development of cost-effective, large-scale electrochemical
protocols remains high priority and will be a challenge for the
nearby future.
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