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Electrochemical bromination of enamides with
sodium bromide†

Shinan Luan, Thomas Castanheiro * and Thomas Poisson *

The electrochemical bromination of enamide derivatives was developed using inexpensive and non-toxic

sodium bromide (NaBr). This transformation enabled the direct stereoselective formation of a C(sp2)−Br
bond and was applied to a wide variety of enamides without the need for external hazardous oxidants,

reductants or metal catalysts. The protocol showed a general efficiency and tolerance, allowing access to

brominated enamides with yields ranging from 56% to 85%. The reaction conditions were applied to the

chlorination reaction using sodium chloride (NaCl). The synthetic utility of the products was illustrated

through Suzuki and Sonogashira cross-coupling reactions, offering a novel reaction procedure to access

complex enamide derivatives.

Introduction

Organohalide compounds play a crucial role in society and are
among the most explored chemicals. Their importance not
only comes from their prevalence in Nature,1 with more than
4500 natural products discovered containing at least one
halogen atom, but is also a result of their high versatility as
synthetic intermediates and building blocks in a plethora of
chemical reactions.2 Furthermore, as a result of the advent of
transition-metal-catalyzed cross-coupling reactions, the rele-
vance of aryl and vinyl halides has increased significantly over
the past forty years.3 Moreover, carbon–halogen (C–X) bonds
are present in the structural backbone of many chemicals used
in materials sciences, as well as in pharmaceuticals and
agrochemicals.4–6

Organohalides are conventionally synthesized through well-
established procedures, including electrophilic functionali-
zation, the Sandmeyer reaction and ortho-lithiation methods,
for instance.7 Aware of the limitations of such strategies,
including regioselectivity and functional group tolerance, syn-
thetic chemists have developed more efficient methods, such
as transition-metal-catalyzed direct C–H halogenation, tran-
sition-metal-free oxidative halogenations, visible-light-induced
halogenations and enzymatic halogenations, for instance.8

In light of the contemporary concern to discover more sus-
tainable, cost-effective and safe protocols, there is a high
demand for the development of procedures that avoid the use

of expensive catalysts, hazardous chemical oxidants, and stoi-
chiometric reagents to minimize hazards and synthetic waste.
For that purpose, electrochemical transformations provide sig-
nificant benefits. Organic electrosynthesis offers mild reaction
conditions, while providing high chemoselectivity, and
minimal waste generation since it relies on the use of electrons
as the main reagent.9 Therefore, synthetic organic electro-
chemistry has emerged as one of the most important and
environmentally benign tools in organic synthesis, particularly
when the electricity is produced from renewable sources.
Hence, as a part of our ongoing research program dedicated to
the functionalization of organic molecules through the
addition of electrogenerated radicals,10 we sought to develop a
versatile methodology to access synthetically useful Br-contain-
ing building blocks, avoiding the use of harmful brominating
agents. With the resurgence of electrochemistry, significant
efforts have been invested in the development of sustainable
bromination procedures.

Various C(sp2)– and C(sp3)–Br bonds formed on heteroaryl,
aryl, alkene, alkyne, alkyl and carboxylic acid derivatives were
successfully developed through an electrochemical process
(Scheme 1A).11–15

In addition, the enamide scaffold is ubiquitous in a wide
range of pharmaceuticals and natural products and is widely
recognized as a linchpin in organic synthesis.16 Quite surpris-
ingly, the synthesis of halogenated enamides has been under-
explored and has relied on elaborate reaction systems. Indeed,
to our knowledge, access to halogenated enamides has
focused on transition-metal-catalyzed or transition-metal-free
amido-halogenation of alkynes,17,18 radical addition onto
alkynes,19 hydroamidation of halogenated alkynes,20 or haloo-
lefination of formamides.21 Hence, in light of the conspicuous
absence of a practical, sustainable and direct approach toward
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halogenated enamides, we surmised that the electrochemical
generation of bromide radicals through anodic oxidation
would offer smooth and sustainable access to these interesting
scaffolds in a single operation from enamides (Scheme 1B).

Results and discussion

At the outset of our investigations, enamide 1 was chosen as
the model substrate and ammonium bromide was used as the
bromine source to initiate the reaction (Table 1, entry 1).
Pleasingly, 2 was obtained with a 37% NMR yield by using a

carbon graphite anode and a platinum cathode, under a con-
stant current of 5 mA with a total charge of 3 F mol−1 in aceto-
nitrile (CH3CN) under an air atmosphere in an undivided cell.
Variation of the solvent of the reaction showed that DMA
allowed a slight increase in the yield, reaching 43%. Thus, we
pursued the optimization using DMA as the solvent. The use
of NaBr in place of NH4Br as the bromine source resulted in a
better yield (55%), while the use of nBu4NBr as both the elec-
trolyte and the bromine source was deleterious for the
outcome of the reaction. We then tried to replace the platinum
cathode with a glassy carbon (entry 5), a stainless-steel (entry
6) or a carbon graphite (entry 7) cathode.

Pleasingly, 2 was isolated in 81% and 83% yields, respect-
ively, using a stainless-steel or a carbon graphite cathode
(entries 6 & 7). Moreover, the use of a carbon graphite anode
was crucial for the formation of product 2 (entry 8). Then, to
increase the atom economy and the sustainability of the
process, the electrolyte was removed from the reaction con-
ditions (entry 9). Unfortunately, its absence was deleterious for
the reaction outcome, since a moderate 50% NMR yield was
obtained. Although NaBr could be used as an electrolyte,
increasing the amount to 8.0 equiv. did not result in a decent
yield. To showcase the added value of our electrochemical bro-
mination protocol, we compared its efficiency with classical
electrophilic bromination conditions (Table 2). The reaction of
1 with NBS (N-bromosuccinimide) under classical conditions
gave the product 2 in a modest yield of 36% along with a sig-
nificant amount of side products (Table 2, entry 2).22 Likewise,
the use of pyridinium tribromide did not improve the reaction
efficiency and 2 was isolated in a modest 23% NMR yield
(Table 2, entry 3).23 Overall, the electrochemical bromination
outcompetes the classical brominating reagents. These results
clearly highlight the added value of our electrochemical bromi-
nation protocol. In addition, it offers a sustainable approach
as it avoids the use of an electrophilic brominating agent and
uses the eco-friendly and harmless sodium bromide.

Having delineated the optimal reaction conditions (see
Table 1, entry 7), the scope of this electrochemical bromina-
tion of α-aryl enamides was investigated (Scheme 2). The reac-

Scheme 1 State of the art and present work.

Table 1 Optimization of the electrochemical bromination of 1

Entry Br reagent Solvent Electrodes Yieldsa (%)

1 NH4Br CH3CN C(+)IPt(−) 37
2 NH4Br DMA C(+)IPt(−) 43
3 nBu4NBr DMA C(+)IPt(−) 55
4 NaBr DMA C(+)IPt(−) 0
5 NaBr DMA C(+)IGC(−) 70
6 NaBr DMA C(+)ISST(−) 81b

7 NaBr DMA C(+)IC(−) 83b

8 NaBr DMA SST(+)IC(−) 0
9c NaBr DMA C(+)IC(−) 50

a 1H NMR yield using dibromomethane as an internal standard.
b Isolated yield. c Reaction without electrolyte. C: carbon graphite. GC:
glassy carbon. SST: stainless steel.

Table 2 Added-value of the electrochemical bromination of 1

Entry Br reagent Yieldsa (%)

1 NaBr, C(+)IC(−), I = 5 mA, 3 F mol−1, air, r.t. 83b

2 NBS (1.5 equiv.), DMF, r.t., 14 h 36
3 PyrH;Br3 (1.5 equiv.), DMF, r.t., 14 h 23

a 1H NMR yield using dibromomethane as an internal standard.
b Isolated yield.
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tion efficiency was not affected by the substitution pattern.
α-Aryl enamides substituted by a methyl group at the para-,
meta- or ortho-position afforded the desired products (3–5) in
good yields as a single stereoisomer, showing no impact of the
steric hindrance. The reaction with enamides bearing electron-
donating groups on the aryl residue such as tertbutyl, methoxy
and thiomethyl ether, as well as the naphthyl derivative, pro-
ceeded well, producing the corresponding products (6–10) in
high yields. Pleasingly, no further oxidation of the sulfur atom
was observed under our electrochemical conditions. It should
be noted that once again the steric hindrance did not impact
the reaction outcome as a larger methoxy group was installed
at the ortho-position, allowing for electrochemical bromination
with 79% yield (see product 9). Halogen atoms were well toler-
ated under our electrochemical conditions as the aryl moiety
substitution with fluorine (11 and 12), chlorine (13), bromine
(14) and iodine (15) gave the corresponding products with
good yields, enabling opportunities for further transform-
ations through metal-catalyzed cross-coupling, for instance.

The reaction with the trifluoromethyl group at the para-posi-
tion of the aryl moiety efficiently afforded the desired bromi-
nated enamides with a good yield of 61% at the cost of an
increased charge from 3 F mol−1 to 4.5 F mol−1. Due to the
high interest in heteroaromatic compounds in medicinal
chemistry and crop science, heteroaryl enamides were also
reacted under our optimal reaction conditions and were
proved to be efficient substrates, yielding two valuable hetero-
aromatic molecules (17 and 18). In these cases, the bromoena-
mides were obtained as a separable E/Z mixture of stereoi-
somers, the E being the major one. To showcase the versatility
of our transformation, sodium bromide was replaced by
sodium chloride. To our delight, the electrochemical chlori-
nation occurred under similar reaction conditions with a
slightly lower efficiency, giving access to the unknown chlori-
nated enamide 19, with a good yield of 56%. Importantly, the
reaction was highly stereoselective, as all substrates were exclu-
sively obtained as (E)-isomers, except the heteroaromatic
derivatives 17 and 18. Unfortunately, some enamide substrates
remained reluctant or poorly reactive under our reaction con-
ditions. Aliphatic enamides showed no reactivity, highlighting
the importance of the formation of a stabilized benzylic
radical in our transformation, and enamides derived from
cyclic olefins were poorly reactive, leading to trace formation
of the desired products.24

Then, to highlight the synthetic utility of the obtained pro-
ducts, we envisioned taking advantage of a halogen atom to
develop original C–C bond formation on the enamide scaffold
(Scheme 3). To the best our knowledge, no report dealing with
the functionalization of halogenated enamides has been

Scheme 3 Synthetic utility of the brominated enamides.

Scheme 2 Electrochemical direct C–H bromination of enamides. a3.5
F mol−1 charge was applied. b5 F mol−1 charge was applied. c4.5 F mol−1

charge was applied. d E/Z ratio determined on the crude reaction
mixture.
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reported to date. Thus, we took advantage of the bromide
atom to develop a protocol for the Suzuki cross-coupling reac-
tion, a pivotal transformation in medicinal chemistry and API
manufacturing.25 Pleasingly, with our developed reaction con-
ditions, excellent yields were obtained using aryl boronic acids
bearing electron-donating or -withdrawing substituents.
Methyl, trifluoromethyl, ethyl ester, cyano and aldehyde substi-
tuents were very well tolerated, affording the desired products
(20–24) with yields ranging from 91% to 99%. In addition, an
excellent yield of 99% was obtained by reacting 2 with an
heteroaryl boronic acid, i.e. benzofuran-2-ylboronic acid. Then,
the reaction with β-styrylboronic acid afforded the corres-
ponding (E,E)-dienes in a very good yield of 96%, with a com-
plete stereoretention of the starting olefins. Finally, we show-
cased the possible use of alkyl boronic acid, through the reac-
tion with cyclopropyl boronic acids, which afforded the
product 27 in a fairly decent yield of 59%.

Finally, we developed a procedure for the Sonogashira
cross-coupling reaction to access enyne derivatives. The use of
standard reaction conditions (Pd(PPh3)2Cl2, CuI in Et3N)
allowed the reaction of 2 with ethynyl-4-methylbenzene, 1-ethy-
nylcyclohexene and ethynyltrimethylsilane. The corresponding
enynes 28, 29 and 30 were obtained with excellent yields
ranging from 93% to more than 99%. Finally, we applied our
protocol to the reaction of 2 with mestranol, a complex bio-

active molecule. The reaction proceeded smoothly and the
product 31 was obtained in an excellent yield of 82%, showcas-
ing the versatility of the transformation toward complex struc-
tures. Overall, these novel transformations highlighted the syn-
thetic utility of these building blocks. Then, to gain insights
into the reaction mechanism, cyclic voltammetry measure-
ments were carried out (Scheme 4A).

The CV measurements of NaBr (blue curve) showed two suc-
cessive oxidative waves (Scheme 4A), while no oxidation of
enamide (grey curve) was observed in the potential range studied
(up to +1.5 V). Moreover, the analysis of a mixture of NaBr and
enamide demonstrated a similar profile without any increase of
oxidative potential, meaning that there is no bromine mediation
in the plausible enamide oxidation (Scheme 4). With all these
data to hand, we suggested a plausible reaction mechanism, start-
ing with the anodic oxidation of bromine from sodium bromide
(Scheme 4B). The resulting electrophilic bromine radical could
then add onto the enamide, leading to a stabilized nucleophilic
carbon centered radical A. A subsequent anodic oxidation of this
open-shell intermediate generated the carbocation B, which then
readily underwent E1 elimination to furnish the desired and less
congested brominated enamide. A final cathodic reduction of H+,
resulting from the elimination, would release H2, equilibrating
the redox balance.

Conclusions

In conclusion, we depicted herein the unprecedent electro-
chemical bromination of enamide derivatives using non-toxic
and inexpensive sodium bromine as a precursor of Br•. The
reaction conditions proved to be tolerant to various electron-
donating or -withdrawing chemical substituents and provided
the resulting products with excellent (E)-stereoselectivity in
good to excellent yields (56–85%). The standard reaction con-
ditions proved to be efficient for the electrochemical chlori-
nation of enamide upon the simple replacement of NaBr by
NaCl. The synthetic utility of the products was highlighted
through Suzuki and Sonogashira cross-coupling reactions.
Pleasingly, excellent yields were obtained, and the tri-substi-
tuted enamides were stereoselectively obtained from the bro-
minated (E)-enamide under simple and practical reaction con-
ditions. The efficiency of these novel reaction manifolds on
enamide demonstrated their versatility toward the expansion
of the chemical space. A mechanistic analysis of the reaction
supported a plausible reaction pathway involving a Br• radical,
generated from the anodic oxidation of bromide. We hope that
the sustainable synthesis of these novel building blocks will
offer new opportunities to expand the chemical space, particu-
larly in medicinal chemistry.
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