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The electrochemical generation of highly reactive and hazardous bromine under controlled conditions as well as
the reduction of surplus oxidizers and reagent waste has placed electrochemical synthesis in a highlighted position.
In particular, the electrochemical dibromination and bromofunctionalization of alkenes and alkynes have received
significant attention, as the forming of synthetically important derivatives can be generated from bench-stable and

safe bromide sources under “green” conditions.

anode alkenes bromine electrochemistry

| 1. Introduction

With the increasing amount of economic, environmental and political pressure, the chemical industry faces the
challenge of providing the public and the scientific community a sustainable and greener alternative to conventional
chemical methods [, Electro-organic synthesis has become one of the most attractive research topics in recent
years, providing highly versatile synthetic methodologies [ZIBI4IEI6! ysing electrons as “traceless” redox reagents
allows the elimination of the excess use of harmful redox chemicals with a high atom efficiency [Z. The electro-
generation of highly reactive species in-situ allows the utilization of inherently safe surrogates and provides a
simplified approach 8. These advantages, in combination with the valorization of renewable feedstock and “green

electricity”, makes electrochemical functionalization particularly attractive.

| 2. Electrochemical Bromofunctionalization of Alkenes
2.1. HBr, MBr and Alkylammonium Bromides as Bromine Sources

Pioneering work in the field was demonstrated by Torii in the early 80s, reporting the bromofunctionalization of
alkenes in the presence of aq. NaBr, which popularized the indirect electrochemical oxidation of olefins using
stable and inexpensive metal halide salts BIOLUIE2I3] This form of a bromine source has received particular
attention due to its ability to tame hazardous and toxic molecular bromine in-situ under controlled conditions. It is
worth mentioning that the complementary half-reaction’s electrode choice is usually a low-hydrogen-overpotential
material such as platinum or nickel, which supports cathodic hydrogen evolution. Nevertheless, platinum group

metals are depleting, costly and highly contaminating [L4[25[16]
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In 2019 Hu, Fang and Mei reported the electrochemical radical formyloxylation—bromination of various alkenes in a
regio- and chemoselective fashion [17. The implementation of stable NaBr as a radical bromine source makes this
approach sustainable. DMF serves a dual role as both the solvent and the formyloxylation reagent, while acetic
acid supports the cathodic reaction. Para-substituted electron-rich styrene derivatives afforded excellent yields,
while electron-deficient and strongly electron-withdrawing groups prolonged the reaction time. The naturally
derived safrole-type and estrone-type derivates also readily underwent electrochemical formyloxylation, proving the
possibility for the late-stage functionalization of pharmaceutical scaffolds. In total, 30 examples were reported with
excellent yields up to 97%. The scalability was proved via a gram-scale experiment (6.0 mmol) resulting in an
isolated yield of 90%. The method was extended to the formyloxylation—chlorination and formyloxylation—
trifluoromethylation of alkenes as well. The authors suggest that bromide is oxidized at the anode to bromo-
radicals, which then rapidly combine with arylalkene 1 to form the benzyl radical I. Via a second oxidation, the
forming benzylic carbocation Il is subjected to nucleophilic attack by DMF to iminium intermediate Ill, which is

subsequently hydrolyzed resulting in the formyloxylated brominated product 2 (Scheme 1).

Reaction conditions:

CllPt QCHO
. @/\ NaBr (2.0 eq.) Rl AN
N~ DMF/HCOOH, & bBr
1 NBu4PFg (0.12 M), 2
j=1.39 mAlcm?, r. t. 30 examples,
undivided cell yields up to 97%
Representative scope:
OCHO OCHO
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2a, 96% 2b, 82%
Plausible mechanism:
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Scheme 1. Electrochemical radical formyloxylation bromination of alkenes (7],
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The electrobiocatalytic bromolactonization was reported by Bormann and Holtmann on carbon-nanotube-modified
gas-diffusion electrodes 18, The paper reports the cathodic reduction of ambient oxygen to H,0O, at a reduced
overpotential in a divided cell separated via a proton exchange membrane. Curvularia inaequalis (CIVCPO), a
vanadium-dependent chloroperoxidase enzyme converts the forming peroxide in the presence of potassium
bromide into hypobromite, which leads to the bromolactonization of 5-pentenoic acid. The reaction is complimented
via the oxidation of water at a platinum anode. The superiority of the reaction lies in the oxygen-enriched, modified-
carbon-nanotube diffusion electrode that significantly lowers the overpotential for peroxide formation, which is a

sensible factor for the enzymatic catalytic reactivity 19,

The electrochemical bromocyclization of tryptophol, tryptamine and tryptophan derivatives was recently reported by
Wu and Vincent 29, This efficient protocol features MgBr, with a dual role as a halogen source and supporting
electrolyte. The reaction proceeds in an undivided cell under both constant current (CCE) and constant potential
(CPE) conditions in the presence of 1 eq. MgBr,. Magnesium bromide is oxidized at the carbon anode into bromine
in an acetonitrile/water solution under ambient conditions. It is worth mentioning that under CPE, the constant
potential window is maintained via measuring the potential against a reference electrode. Here, the constant
terminal voltage of the cell was determined via measuring the constant terminal voltage between the electrodes,
which is not an adequate parameter for CPE conditions. The dearomative reaction proceeds via the formation of
bromonium intermediate 1V, followed by intramolecular cyclization to form the corresponding brominated
derivatives with excellent yields (Scheme 2). This simple and environmentally friendly set up featured 22 examples

with up to 96% isolated yields and a broad scope of functional group tolerance.
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Reaction conditions:

R3

Corll Pt B R3
MgBr, (1.0 eq. s

N YH gBrp (1.0€q.) N ~

Rzt N CHACN/H,0, Rzt WX
Z N CCE (4.5 mA/cm?) Z >N
3 R or CPE (5 V)", r. t. 4 K
X =0. NR? undivided cell
' 22 examples,

R'= Ac, Boc, Cbz, SO,Ph, Ts. R%=H, CO,Me. yields up to 96%
_R?=HCLMe OMe  R'=BocCoz CORTs. ...
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Scheme 2. The electrochemical bromocyclization of tryptophol, tryptamine and tryptophan derivates utilizing
MgBr,. * Constant terminal voltage of the cell was observed between a graphite anode and platinum plate cathode
(201 Cgr = graphite.

The synthetic utility was demonstrated via the electrochemical bromocyclization and further functionalization of L-
tryptophan-derived diketopiperazine (5) to (-)-epi-amauromine (7a) and (+)-novoamauromine (7b), which was
reported to be superior to the conventional procedure using stoichiometric NBS (Scheme 3) [21],
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Reaction conditions:

H O Boc Cor Il Pt
%/&NH ; N’ MgBr, (2.0 eq.)
N HN L o

Boc o CH5CN/H,0,
0 CPE (5 V)*,
5 r. t., undivided cell

7a 7b
(-)-epi-amauromine (+)-novoamaurimonine

Scheme 3. Electrochemical formation and subsequent functionalization of 6a and 6b 2. * Constant terminal

voltage of the cell was observed between a graphite anode and a platinum cathode 2. Cgr = graphite.

Solvent stabilizing effects have been reported in electrochemical synthesis, for example using
hexafluoroisopropanol (HFIP) [22231241[251[261[27] ' yoshida demonstrated the formation of a-bromocarbonyls and
bromohydrins via a low-temperature DMSO-stabilized halogen cation pool method [28]29] Based on these reports,
a sophisticated technique for the electrochemical bromohydrin and bromohydrin ether formation was reported in a
chemoselective fashion (Scheme 4) 29 The anodic oxidation of potassium bromide on a glassy carbon electrode
in the presence of 10 eq. acetic acid in DMSO/H,0 allowed the corresponding bromohydrins to be produced in
excellent yields. By changing the solvent system to acetonitrile/alcohol, bromohydrin ethers were obtained. The key
additive of this approach is the addition of acetic acid or trifluoroacetic acid. In the absence of the additive, the yield

drops dramatically. The reaction is complemented with hydrogen evolution at a platinum cathode.
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Reaction conditions:

R? gKCB ”(g to )
r(5.0 eq), OH/OR
o )\/Rs AcOH (5.0 eq.) _ :12 =3
DMSO/H,0 or
8 MeCN/ROH (1:1), 9 B
R'=Bn, Ph, Alk. j=53.3 mAlem?, 50 °C. 26 examples
. undivided cell ’

R%= H, Me; R®= H, Alk. yields up to 89%

Representative scope:

~N ~N
Br Br Br Br F Br

9a, 86% 9b, 81% 9¢c, 89% 9d, 85%
Scheme 4. Electrochemical bromohydrin and bromohydrin ether formation 9. gC = glassy carbon.

Sun and co-workers reported an elegant way of on-site bromination and hydrogenation in a simultaneous fashion
Bl The paired electrolysis takes place in a H-type cell setup divided by a Nafion membrane. This method
demonstrates high halogenation flexibility and functional group tolerance, as the bromination reaction is spatially
separated from the electrolysis event. The key principle is the use of bench-stable NaBr as a halogen source and
the utilization of cathodic hydrogen evolution to achieve a high atom economy and energy efficiency. The
anodically generated bromine gas from aqueous sodium bromide in acidic media is transferred into a separate
compartment, where ideal conditions for the corresponding substrates can be set up. Likewise, cathodically
generated hydrogen gas is used in the presence of Pt/C, demonstrating the synergic pairing of on-site bromination
and hydrogenation. This is an excellent example for the utilization of the redox properties of the electrochemical

cell.

Similarly, Hilt and his group published a linear paired electrolysis for the electrochemical dibromination of alkenes
with the realization of 200% current efficiency for stoichiometric transformations in the presence of oxygen B2, The
dual role supporting electrolyte and bromide source NBuyBr is used as a brominating agent. Bromide undergoes
direct oxidation at the anode to bromine and is produced mediated via reductively formed H,O, determining the
theoretical applied charge of 1 F (Scheme 5). The stable tribromide species are the results of the stabilizing effect
of acetonitrile and the high concentration of bromide. Using this method, the authors reported 13 examples with
good to excellent yields, providing 11c quantitatively with a current efficiency of 200%. The reaction proved to have
a good functional group tolerance via performing the Glorius-test B384 The method could be adopted to the

bromination of arenes and for the iodination of alkenes as well.
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Reaction conditions:

Ptll gC
R? NBu4Br (4.0 eq.) , Br
" )§/R4 H,S0,4 (0.2 M) - 21&?‘
R3 CHCN, g/ R®
P = 2
10 10—3.9mA/cm, 1
0°C, O 12 examples,
undivided cell yields up to 100% (ce: 200%)

Representative scope:

Br Br Me Me Br
Br
“Br Br MeMe I;§r )

11a, 95% 11b, 92% 11¢, 100% 11d, 98%
(ce: 190%) (ce: 184%) (ce: 200%) (ce: 196%)

Plausible mechanism:

i Brs Brs i
+ Br_“ -Br O + Br_“ -Br
O,

"'Br l
Scheme 5. Linear paired electrolysis for the dibromination of alkenes 22, gC = glassy carbon.

11a

A highly regioselective electrochemical protocol for the synthesis of isoxazolines from f3,y-unsaturated ketoximes
via cascade C—O and C—-Br annulation was reported (Scheme 6) 22, The stable inorganic potassium bromide has
a dual role of serving as a bromine source as well as a supporting electrolyte. The key features of this method are
the generation of DMSO-stabilized bromine in-situ and the employment of a sodium acetate base under high
current density conditions to form the desired bromoethyl-substituted isoxazolines. The method demonstrated
excellent functional group tolerance and a high selectivity, and the isoxazoline derivatives could be obtained with
up to 81% isolated yields. The presence of the base as well as the electrode material choice is crucial to the

success of the reaction. The scalability in both batch-type and flow electrolysis were demonstrated.
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Reaction conditions:
Cgr |l Stainless Steel

N-OH KBr (5.0 eq.), N-O g
| NaOAc-3H,O /
A X > X
R-7 DMSO/H,0, R-+
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undivided cell 20 examples,

yields up to 81%
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Scheme 6. Electrochemical formation of isoxazolines with the aid of KBr 2, Cgr = graphite.

Yin and co-workers introduced an oxidant- and base-free electrochemical intramolecular halo-amination of
unactivated alkenes to form diverse brominated N-heterocycles [36] They provide a simple electrochemical protocol
using bench-stable LiBr or Lil as a halide source and a supporting electrolyte furnishing a dual role. The reaction
proceeded smoothly at room temperature, providing 26 examples combined with the iodo-cyclization in excellent
yields. The reaction tolerates labile functional groups such as cyclopropyl, substituted aromatics and heterocycles.
Moreover, in the presence of Lil, highly challenging N-heterocycles such as the three-membered aziridine or six-

membered piperidine could be formed (Scheme 7).
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Reaction conditions:

Carll Pt R
LiX (1.5-2.0 eq.), 1
H - R'O,S.
.N - N X
R10,5 N AR R CHLONIH,O (10%), J)\
j=10mA/cm? r. t. "
15 undivided cel 16
X=Br, . 26 examples, up to 97%
Representative scope:
e Br O\\S”O Br O‘\S”O Br
N v/ N /©/ N TS\NV/\|
tBu
16a, 73% 16b, 79% 16¢c, 69% 16d, 74%

Scheme 7. Electrochemical intramolecular haloamination with the aid of LiBr and Lil 281, Cgr = graphite.

Similarly, the electrochemical oxidative bromolactonization of unsaturated carboxylic acids was reported for the first
time B7. This environmentally friendly approach features sodium bromide as the halogen source in acetonitrile,
which is oxidized at the carbon rod anode to give the corresponding bromine radical, which directly reacts with the
alkene of the carboxylic acid to form intermediate V (Scheme 8). After subsequent oxidation to the stabilized
cationic intermediate VI and cyclization, the corresponding bromoethylated y-lactones could be formed with
excellent yields. Control experiments also supported the proposed mechanism, as in the presence of radical
scavengers or molecular bromine, the yield dropped dramatically. The authors propose hydrogen evolution as a

cathodic counter-reaction at a nickel electrode.
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Reaction conditions:

Cgrll Ni
NaBr (5.0 eq.) Br 0
RJ\/WOH - /R>E):O
CH;CN,
© j=15mAlcm? r.t. 18
17 undivided cell

17 examples,
yields up to 96%

Representative scope:

Br 0 Br o Br o Br o
@] @) @] Ph 'e)
F

18a, 96% 18b, 84% 18c, 56% 18d, 65%

Plausible mechanism:

® Br
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/
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R

vii O
Br + Br 0O l
- + OH i. R @]
vil O 18

Scheme 8. Electrochemical bromolactonization of unsaturated carboxylic acids 4. Cgr = graphite.

The electrochemical bromination of electron-deficient alkenes in quinones, coumarins, quinoxalines and 1,3-
diketones has also been reported [28. The synthetically useful organohalides could be obtained using bromides on
graphite felt in combination with a platinum cathode. The key feature of this bromination method is the in-situ
formation of HBr from KBr and H,SO,, which is anodically oxidized to bromine. Control experiments with 2,6-di-

tert-butyl-4-methylphenol suggest a radical pathway by the formation of the halogen.

Recently, Waldvogel et al. published the selective electrochemical bromination of terpenes and naturally derived
alkenes B9, The challenging halofunctionalization of renewable feedstock was demonstrated by the employment of
inexpensive and bench-stable NaBr with a dual role of being both a bromine source and supporting electrolyte. The
test substrate, limonene, could be brominated selectively under ambient conditions giving the brominated
derivative in a 53% yield. The optimization procedure showed that the careful consideration of the MeCN/H,O
solvent system as well as the NaBr as a bromide source are important features of the method. Other inorganic or
organic bromide salts resulted in a diminished yield or no conversion. The method could be successfully extended

to linear and cyclic monoterpenes, terpenoids and phenylpropanoids to give 10 desired vicinal 1,2-dibromo
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derivatives, with the bromination of carvone representing the best yield of 82% (20b, Scheme 9). A slight change in
the electrochemical parameters provided the tetrabrominated limonene derivative in a 74% isolated yield. The
reaction proved to be scalable and a synthetic utility could be demonstrated via subsequent functionalization to the
o,B-unsaturated nitrile derivative 21a for the first time. Cyclic voltammetry studies support the oxidative bromine
formation in-situ, which is complimented by the liberation of H, at the cathode.

Reaction conditions:

R’ gCllgC 4 Br
, j\(R4 NaBr (3.0 eq.) R R4
RO CH3CN/H,0 " R R’
R3 3 2% Br
19 Jj=5mA/cm? 30 °C, u 20
ndivided cell

10 examples,
yields up to 82%

Representative scope:

B 0
r
Br O N
~0
Br
/E\ Br /E[\/Br
Br Br Br

20a, 53% 20b, 82% 20c, 65% 20d, 50%

Subsequent functionalization:
B
Br r NC
NaCN, DMSO
v 60 °C, Ar
/:\ /:\
19a 21a, 49%

Scheme 9. Electrochemical dibromination of terpenes and terpenoids 2. gC = glassy carbon.

Another form of metal-free in-situ bromine generation is the use of HBr as a bromine source. Lei et al. reported an
electrochemical oxidative clean halogenation of alkenes using HBr on a carbon anode and platinum cathode,
providing 23 examples with up to 89% isolated yields under constant current conditions #%. The method provides a
general halogenation system of HX/MX including the chlorination and bromination of various heteroarenes, arenes,
alkenes, aliphatic hydrocarbons and alkynes as well. Under the optimal conditions, the gram-scale synthesis of the
electrochemical dibromination of dodecane (22) allowed the formation of 1,2-dibromododecane (23) with a yield of
86% and 50.9 g isolated clean product (Scheme 10).
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Gram-scale synthesis:

CllPt Br
HBr (2.0 eq.)
A VO SV > \/M
CH3;CN/H,0, Br
22 NBu4BF,4 (0.01 M), 23, 86%
200 mmol I=12mA,r. 1, Ny, 5099
undivided cell

Scheme 10. Electrochemical dibromination of 22 on a gram scale 9. CCE conditions were described with current

(1), as the immersed electrode area was not specified.

Encouraged by these results, the Wirth group described the electrochemical bromination and
bromofunctionalization of activated and unactivated alkenes in a flow reactor under single-pass conditions 41, The
600 L reactor was equipped with platinum foil electrodes separated by a 500 uM fluorinated ethylene propilene
(FEP) spacer. The small interelectrode distance allowed the omission of the addition of water and supporting
electrolyte, which was described in previous studies. The optimized conditions for the dibromination of styrene
were found in the presence of 6 eq. HBr in pure acetonitrile. The combination of a 0.4 mL/min flow rate, 4 F applied
charge and platinum electrodes allowed the formation of 25a in a 79% isolated yield (Scheme 11). When the
optimized conditions were applied using a platinum-coated titanium cathode, 25a could be obtained in an excellent
yield of 86%. Via switching the co-solvent, the electrochemical bromohydrin formation could be also targeted. The
applicability of this method was demonstrated on several aromatic and aliphatic alkenes. In total, 33 examples
were provided exhibiting the formation of dibrominated, tetrabrominated, hydrobrominated and alkoxybrominated
products with good to excellent yields. The scalability of the flow-procedure was also demonstrated via applying the

conditions for 9.5 h providing 25a in an isolated yield of 65% and a productivity of 413 mg/h.

Reaction conditions:

Car ll Pt X
HBr (150-600 mM) 1 . R2
2 > R
RXR CH,CN/additive: HX, /\é/r
24 j =10.8-21.4 mA/cm?, 25

flow electrolysis
33 examples,
X = Br, OH, OR3, OAr, NTsAr yields up to 86%

Representative scope:

Br OH OH OCH3
(j/‘\/Br /@)\/Br ©/_\( : J\ _Br
£ Br
25a, 79% 25b, 83% 25c, 74% 25d, 51%

((-)Pt-Ti: 86%)
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Scheme 11. Electrochemical bromination and bromofunctionalization of alkenes in flow electrolysis 41, Cgr =

graphite.
2.2. Organohalides as Bromine Sources

Li et al. reported a three-component, TEMPO-mediated 1,2-bromoesterification of alkenes with the aid of carboxylic
acids and N-bromosuccinimide 2. The method allows the simultaneous addition of a C—O and C—Br bond to form
B-bromoalkyl esters, which are excellent intermediates for natural products and pharmaceutical agents 42143l The
reaction proceeded well in the presence of 50 mol% TEMPO, 2 eq. of carboxylic acids and 2 eq. NBS to form 27b
in an 88% isolated yield (Scheme 12). The optimized conditions were extended to a variety of carboxylic acids and
alkenes, and a total of 40 examples were provided with excellent yields. Even challenging substrates such as
adamantane-1-carboxylic acid and amino acids were tolerated. The reaction is complemented via H, evolution at

the cathode.

Reaction conditions:
CliCc
R2 NBS (2.0 eq.),

L recop TRR
R! - R3O r

TEMPO (50 mol%),

26 NBu,BF, (0.1 M), 27
I'=10 mA, 40 examples,
CH3CN, 1. t., Ar yields up to 88%

Representative scope:

O Ph Ph O Ph Ph O Ph Ph
Cl O>§/Br MO&BF OX/BF
\_s
27a, 87% 27b, 88% 27¢, 46%

Scheme 12. The three-component, TEMPO-mediated 1,2-bromoesterification of alkenes 42, CCE conditions were

described with current (/), as the immersed electrode area was not specified.

Paired electrolysis methods are generally preferred over a sacrificial approach 44, Here, the same authors
introduced electrochemical alkoxyhalogenation and organohalide dehalogenation within a convergent strategy 421,
Diethyl-2-bromomalonate (29) serves as the bromine source. The key promoters of this method are NBu,OH and
CpoFe, as omitting one or both decreases the yield. The reaction mechanism was postulated via the mediated
oxidation of alkene 28 by Cp,Fe*, which forms the radical cation IX. Intermediate IX is scavenged by the bromine
radical or bromine that is either formed via the cathodic reduction of bromomalonate to Xlll or via the Sy2 reaction

induced by the supporting electrolyte (Scheme 13).
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Reaction conditions:

Cgrll Pt .
R CO,Et  CpaFe (3 mol%) r2 CO,Et
3 -
RZJ\/R N Br—<CO ., THFCHLON HSCO*/ Br + H—(
258 NBu,OH (0.1 M), R3 COEt
28 29 /=5mA, 30 31
CH3CN, r. t, Ar 42 examples, yields up to 98%
Representative scope:
Br H;CO Br
OCHj3
SA® J
F F OCHs
30a, 98% 30b, 69_% _ _300, 74% (dr_= 1_:1)
estrone derivative ibuprofen derivative
Plausible mechanism:
CO,Et

® . o
Br_ H3CO_< - » 29 h

poy COEt  HOF  CHiOH+
Br’ 9a NBus ¥ NBu,OH h

c Felnl+ 28 CO4Et
C P2 " Br—<
szFe” J{/R3 COZEt

Xl
2 .
R’ R IX - Brl H+
. R3
RZJ\/ J - . .
L Br \Br EtO,C” “CO,Et
X R X
+ R3
' R? — 30 31
xi Br CHzOH H

Scheme 13. The electrochemical alkoxyhalogenation of alkenes within a convergent paired electrolysis method
45 CCE conditions were described with current (/), as the immersed electrode area was not specified. Cgr =

graphite.

The bromide could also be oxidized in-situ to form bromine. The formed alkyl cation Xl is complemented via
methanol to provide the desired product. The formation of malonic ester (31) is depicted via GC and GC-MS. The
convergent strategy was demonstrated on various aryl alkenes bearing para-, meta- or both substituents and alkyl
halides. The alkoxyhalogenation of bioactive molecules such as adamantene, estrone and ibuprofen derivatives

were also demonstrated. In combination, 43 examples were provided with up to a 98% yield.

A merging e-shuttle reaction for the retro-dihalogenation reaction was developed by Waldvogel and Morandi,

enhancing the already existing halogenation reactions (Scheme 14) 48],
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Reaction conditions:

R’ Cgr Il Cgr ) R1
3 9 R
sz\/R ¢ g X CHSCNHFIP (1 wiv) ’ >er Co
NEt,BF (0.2 M), T
32 33 j=10 mAlem?, 1. t, Ny 3R 35
undivided cell 24 examples
X =Br, SPh yields up to 84;%
Representative scope:
Br Ph 1|‘—Bu Br O Br
B °Si B SPh
H3C/\(\a8)\/ r Ph/ LO/\)\/ r Hsco)k(\aa)\/
34a, 84% 34b, 75% 34c, 33%

Scheme 14. Merging e-shuttle for the retro-dibromination and bromofunctionalization of alkenes €. Cgr =

graphite.
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