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Hydrodehalogenation of Aryl Halides through Direct Electrolysis
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Abstract: A catalyst- and metal-free electrochemical hy-
drodehalogenation of aryl halides is disclosed. Our reac-

tion by a flexible protocol is operated in an undivided cell
equipped with an inexpensive graphite rod anode and
cathode. Trialkylamines nBu3N/Et3N behave as effective re-

ductants and hydrogen atom donors for this electrochem-
ical reductive reaction. Various aryl and heteroaryl bro-
mides worked effectively. The typically less reactive aryl
chlorides and fluorides can also be smoothly converted.
The utility of our method is demonstrated by detoxifica-
tion of harmful pesticides and hydrodebromination of a

dibrominated biphenyl (analogues of flame-retardants) in
gram scale.

Hydrodehalogenation of organic halides is an important strat-
egy in functional molecular synthesis.[1] It also allows for detox-

ification of environmentally hazardous chemicals containing
halogen atoms.[2] Numerous methods have been developed for

this reductive process that replaces halogen atoms with hydro-
gen atoms.[3] Representative reductants employed in this pro-
cess include metals or low-valent metal compounds,[3a] hydri-

des,[3b–d] hydrogen,[3e] electron-rich organic molecules,[3f] and al-
coholate.[3g] These methods, with their own merits and limita-
tions with respect to key measures, such as chemoselectivities
and operational costs, are complimentary to each other. There
are continuous needs to develop new methods for dehaloge-
nation of organic halides under mild, operationally simple, and

cost-effective conditions. Trialkylamines are inexpensive re-
agents and may behave as effective reductants under suitable
activation conditions.[4] For example, Stephenson and Kçnig
have recently shown that hydrodehalogenation of organic hal-
ides can be realized by using trialkylamines as the terminal re-

ductants and hydrogen atom donors (Figure 1 a).[5] In their ap-
proaches, metal complexes[5a] or organic sensitizers[5b] are used

as the photocatalysts and the radical processes are enabled by
visible light.

Organic electrosynthesis has been recognized as a versatile
and environmentally friendly approach for redox transforma-
tions.[6] It has also been well-documented that amines can un-
dergo single-electron-transfer processes and oxidations under

electrolysis conditions. This electrochemical oxidation process
has been mainly explored to convert amines to iminium inter-
mediates for further addition reactions.[7] Herein we disclose a
method for the dehalogenation of organic halides under elec-
trochemical conditions with amines as the terminal reductants

and hydrogen atom donors (Figure 1 b). Our reaction is per-
formed in an undivided cell equipped with graphite rod elec-

trodes. Catalysts and metals are not required, and the reduc-
tive processes are enabled by electric currents. It is worth
noting that in previous electrochemical hydrodehalogenation

methods with undivided cells,[8] metals were used as scarified
anodes and separate hydrogen atom providers were needed.[9]

The 4-phenoxylbromobenzene 1 a was chosen as the model
substrate to evaluate the reaction conditions for this hydrode-
halogenative process (Table 1). We first examined the reaction

in an undivided cell equipped with a reticulated vitreous
carbon (RVC) anode and cathode. The proposed product 2 a
was not detected when using LiClO4 as the electrolyte and
CH3CN as the solvent under a 10 mA constant current for 3.3 h

(Table 1, entry 1). Replacing LiClO4 with Me4NBF4 or nBu4NBF4

led to 2 a with about 10 or 29 % yield, respectively (entries 2,3).

Figure 1. Hydrodehalogenation of aryl halides.
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Further optimizations did not lead to obvious improvements
on the reaction yields. We suspected that the trace trialkyl

amines generated from the ammonium electrolytes under elec-
trolysis[10] might behave as reductants and hydrogen atom pro-

viders for the formation of 2 a. We then added Et3N as a poten-

tial reductant to the reaction mixture and found that 2 a was
formed in 13 % yield with LiClO4 used as the electrolyte

(entry 4). In the presence of Et3N, switching the electrolyte
from LiClO4 to Me4NBF4 led to 2 a with a significantly improved

yield (31 % yield, entry 5). The combination of Et3N as the re-
ductant and nBu4NBF4 as the electrolyte led to 2 a with 83 %
yield (entry 6). Other electrolytes containing different anions

have little effect on the formation of the product 2 a (en-
tries 7,8). The yield was decreased to 70 % when using plati-
num plate as the anode and cathode (entry 9), but it could be
slightly increased when using the cheap graphite rod as the

anode and cathode (entry 10). nBu3N showed a similar reactivi-
ty to that of Et3N (entry 11), and a slightly increased yield could

be obtained under a 15 mA constant current for 1.8 h
(entry 12). It is worth to noting that no product 2 a could be
detected without application of an external current (entry 13).

With the optimized electrochemical reaction conditions in
hand (Table 1, entry 12), we then examined the substrate

scope for this transformation using various substituted aryl- or
alkyl-bromides (Table 2). Substituents could be installed at

each position of the benzene monobromides, with all the

products afforded in moderate to good isolated yields (2 b–
g,l). Strong electron-donating substituents generally give the

products in lower yields, but this obstacle could be overcome
through a slight modification of the reaction conditions

(2 e,f,l,m). Unfortunately, aryl bromides with electron-deficient
substituents (@COOEt, @CN, @NO2) were not compatible under

these electrochemical conditions. Only trace products can be

detected by GCMS, without any other byproducts and remain-

ing substrates. Multicyclic fused (hetero-) aromatic bromides
also work well in this process (2 h--k). Notably, both bromine

atoms could be replaced with hydrogen atoms when aryl di-
bromides were used as the reactants (2 m). The debromination

product could undergo further reductions when using 9-bro-
mophenanthrene (product 2 n and 2 n’) and 9-bromoanthra-

cene (product 2 o and 2 o’) as the substrates. To our delight,

substituted benzyl bromides could also undergo the hydrode-
halogenative process through this protocol, with the corre-

sponding products afforded in moderate isolated yields (2 p,q).
Aryl chlorides and aryl fluorides have been challenging sub-

strates in the hydrodehalogenative reactions. To date, few suc-
cessful examples have been reported.[3i, 5b, 11] We were delighted

Table 1. Optimization of the reaction conditions.[a]

Entry Amine Electrolyte Anode\cathode 2 a Yield [%][b]

1 none LiClO4 RVC\RVC n.d.
2 none Me4NBF4 RVC\RVC &10
3 none nBu4NBF4 RVC\RVC 29
4 Et3N LiClO4 RVC\RVC 13
5 Et3N Me4NBF4 RVC\RVC 31
6 Et3N nBu4NBF4 RVC\RVC 83
7 Et3N nBu4NPF6 RVC\RVC 83
8 Et3N nBu4NClO4 RVC\RVC 75
9 Et3N nBu4NBF4 Pt\Pt 70
10 Et3N nBu4NBF4 C\C 85
11 nBu3N nBu4NBF4 C\C 86
12[c] nBu3N nBu4NBF4 C\C 90
13[d] nBu3N nBu4NBF4 – n.d.

[a] Reaction conditions: 1 a (0.3 mmol), amine (0.6 mmol, 2.0 equiv), elec-
trolyte (0.3 mmol, 1.0 equiv), CH3CN (7.0 mL), room temperature, N2, 3.3 h
(4.1 F). [b] Isolated yields. [c] Constant current = 15 mA, 1.8 h (3.3 F).
[d] No externally applied current. RVC = Reticulated Vitreous Carbon (1.0 V
1.0 V 1.0 cm), Pt = platinum plate (1.0 V 1.0 V 0.1 cm), C = graphite rod (F =

6 mm), n.d. = no detected.

Table 2. Substrate scope of the debromination.[a]

[a] Reaction conditions: Method A: graphite rod anode (F = 6 mm),
graphite rod cathode (F= 6 mm), undivided cell, constant current =

15 mA, 1 (0.3 mmol), nBu3N (0.6 mmol, 2.0 equiv), nBu4NBF4 (0.3 mmol,
1.0 equiv), CH3CN (7.0 mL), room temperature, N2, 1.8 h (3.3 F). [b] Meth-
od B: RVC anode (1.0 cm V 1.0 cm V 1.0 cm), RVC cathode (1.0 cm V
1.0 cm V 1.0 cm), undivided cell, constant current = 15 mA, 1 (0.3 mmol),
Et3N (0.6 mmol, 2.0 equiv), nBu4NBF4 (0.3 mmol, 1.0 equiv), CH3CN/THF
(6.0/1.0 mL), room temperature, N2, 4.4 h (8.1 F).
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to find that with aryl chlorides or fluorides used as the reaction
substrates, this hydrodechlorination process occurred smoothly

under the current optimized reaction conditions (Table 3). For
example, electron-rich chlorobenzenes bearing various sub-

stituents could be effectively reduced to give the substituted
benzenes in moderate to good yields (4 a,b,d,e). Chloro- and

fluoro- naphthalenes could also be reduced through this elec-
trochemical transformation, with the naphthalenes (4 c,f) af-

forded as the final products in moderate yields.

Halogen atoms are widely present in pesticides and chemi-

cal materials.[12] These organic halide-containing residuals are

toxic, harmful to human health and the ecosystem, and are
very difficult to degradate.[13] Dehalogenation of these mole-

cules can reduce their toxicity and accelerate their degradation
process. To further demonstrate the potential utilities of this

method, we performed hydrodehylogenation reactions with
several pesticides and analogues of flame-retardant materials

(Scheme 1). For example, Propachlor (herbicide, 5) and Beno-
danil (fungicide, 7) could be smoothly converted to the corre-
sponding non-halogen-containing products through this newly

developed electrochemical protocol (Scheme 1 a). 4,4’-Dibro-
mo-1,1’-biphenyl (9), an anologue of the polybrominated bi-

phenyls (PBBs) that have been widely used as flame-retardant
materials,[14] could also be smoothly reduced through this elec-

trochemical transformation in gram scale, with the fully debro-

minative product 10 and the single debrominative product 11
afforded in 50 and 33 % yields, respectively (Scheme 1 b).

This catalyst- and metal-free hydrodehalogenative reaction is
proposed to go through a two-electron transfer process

(Figure 2). A two-electron anodic oxidation of Et3N provides
the iminium I that may upon hydrolysis lead to diethylamine

and acetaldehyde. On the other hand, a two-electron cathodic
reduction of aryl halide substrate Ar@X provides the aryl anion
II, which is then protonated by acetonitrile or trialkylamine to

give the desired hydrodehalogenative aryl product (Ar@H).
In summary, we have developed an electrochemical ap-

proach for the hydrodehalogenation of organic halides. Our re-
action used trialkylamine as the reductant and a hydrogen
atom provider under electrochemical conditions. The reaction

was carried out in an undivided cell equipped with the inex-
pensive graphite rod anode and cathode. No catalysts or

metals are needed for this transformation. Substituted aryl or
alkyl halides bearing different halogen atoms worked well in

this hydrodehalogenation process. This method could be used

for the detoxification and degradation of harmful organic hal-
ides existing in pesticides and flame-retardant materials. The

development of efficient and inexpensive electrochemical reac-
tions, including catalytic asymmetric reactions and post-syn-

thetic modification of medicines and pesticides, are currently
in progress in our laboratories.

Table 3. Substrate scope of the dechlorination and defluorination.[a]

[a] Reaction conditions: graphite rod anode (F = 6 mm), graphite rod
cathode (F = 6 mm), undivided cell, constant current = 15 mA, 3
(0.3 mmol), nBu3N (0.6 mmol, 2.0 equiv), nBu4NBF4 (0.3 mmol, 1.0 equiv),
CH3CN (7.0 mL), room temperature, N2, 1.8 h (3.3 F). [b] Constant cur-
rent = 20 mA, 3.3 h (8.1 F).

Scheme 1. Applications of our hydrodehalogenation methods.

Figure 2. Proposed pathway.

Chem. Eur. J. 2019, 25, 6911 – 6914 www.chemeurj.org T 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim6913

Communication

http://www.chemeurj.org


Acknowledgements

We acknowledge financial support by the Singapore National

Research Foundation (NRF-NRFI2016-06), the Ministry of Educa-
tion of Singapore (MOE2013-T2-2-003; MOE2016-T2-1-032;

RG108/16), A*STAR Individual Research Grant (A1783c0008),

Nanyang Research Award Grant, and Nanyang Technological
University ; Guizhou Province First-Class Disciplines Project

(Yiliu Xueke Jianshe Xiangmu)-GNYL(2017)008, Guiyang College
of Traditional Chinese Medicine, China; National Natural Sci-

ence Foundation of China (No. 21772029, 21472028), National
Key Technologies R&D Program (No. 2014BAD23B01), “Thou-

sand Talent Plan”, The 10 Talent Plan (Shicengci) of Guizhou

Province, and Guizhou University. We also thank the reviewer
for helpful discussions on the reaction mechanism.

Conflict of interest

The authors declare no conflict of interest.

Keywords: electrochemistry · hydrodehalogenation · metal-
free synthesis · organic halides · trialkylamines

[1] a) T. Kametani, I. Noguchi, K. Saito, S. Kaneda, J. Chem. Soc. C 1969,
2036; b) F. Effenberger, Angew. Chem. Int. Ed. 2002, 41, 1699; Angew.
Chem. 2002, 114, 1175.

[2] a) Y. Mitoma, S. Nagashima, C. Simion, A. M. Simion, T. Yamada, K.
Mimura, K. Ishimoto, M. Tashiro, Environ. Sci. Technol. 2001, 35, 4145;
b) T. Vincent, S. Spinelli, E. Guibal, Ind. Eng. Chem. Res. 2003, 42, 5968.

[3] a) F. Alonso, I. P. Beletskaya, M. Yus, Chem. Rev. 2002, 102, 4009; b) N. M.
Yoon, Pure Appl. Chem. 1996, 68, 843; c) X. Pan, E. Lacote, J. Lalevee,
D. P. Curran, J. Am. Chem. Soc. 2012, 134, 5669; d) D. Y. Ong, C. Tejo, K.
Xu, H. Hirao, S. Chiba, Angew. Chem. Int. Ed. 2017, 56, 1840; Angew.
Chem. 2017, 129, 1866; e) B. Sahoo, A.-E. Surkus, M.-M. Pohl, J. Radnik,
M. Schneider, S. Bachmann, M. Scalone, K. Junge, M. Beller, Angew.
Chem. Int. Ed. 2017, 56, 11242; Angew. Chem. 2017, 129, 11394; f) S. S.
Hanson, E. Doni, K. T. Traboulsee, G. Coulthard, J. A. Murphy, C. A. Dyker,
Angew. Chem. Int. Ed. 2015, 54, 11236; Angew. Chem. 2015, 127, 11388;
g) A. Dewanji, C. Mueck-Lichtenfeld, A. Studer, Angew. Chem. Int. Ed.
2016, 55, 6749; Angew. Chem. 2016, 128, 6861; h) G. Povie, L. Ford, D.
Pozzi, V. Soulard, G. Villa, P. Renaud, Angew. Chem. Int. Ed. 2016, 55,
11221; Angew. Chem. 2016, 128, 11387; i) T. Hokamp, A. Dewanji, M.
Luebbesmeyer, C. Mueck-Lichtenfeld, E.-U. Wuerthwein, A. Studer,
Angew. Chem. Int. Ed. 2017, 56, 13275; Angew. Chem. 2017, 129, 13459.

[4] a) J. W. Beatty, C. R. J. Stephenson, Acc. Chem. Res. 2015, 48, 1474; b) D.
Staveness, I. Bosque, C. R. J. Stephenson, Acc. Chem. Res. 2016, 49,

2295; c) M. A. Ischay, M. E. Anzovino, J. Du, T. P. Yoon, J. Am. Chem. Soc.
2008, 130, 12886.

[5] a) J. D. Nguyen, E. M. D’Amato, J. M. R. Narayanam, C. R. J. Stephenson,
Nat. Chem. 2012, 4, 854; b) I. Ghosh, T. Ghosh, J. I. Bardagi, B. Koenig,
Science 2014, 346, 725.

[6] a) M. Yan, Y. Kawamata, P. S. Baran, Chem. Rev. 2017, 117, 13230; b) S. R.
Waldvogel, S. Lips, M. Selt, B. Riehl, C. J. Kampf, Chem. Rev. 2018, 118,
6706; c) S. Tang, Y. Liu, A. Lei, Chem 2018, 4, 27; d) A. Wiebe, T. Gieshoff,
S. Moehle, E. Rodrigo, M. Zirbes, S. R. Waldvogel, Angew. Chem. Int. Ed.
2018, 57, 5594; Angew. Chem. 2018, 130, 5694; e) E. J. Horn, B. R. Rosen,
Y. Chen, J. Tang, K. Chen, M. D. Eastgate, P. S. Baran, Nature 2016, 533,
77; f) L. Zhu, P. Xiong, Z.-Y. Mao, Y.-H. Wang, X. Yan, X. Lu, H.-C. Xu,
Angew. Chem. Int. Ed. 2016, 55, 2226; Angew. Chem. 2016, 128, 2266;
g) N. Fu, G. S. Sauer, A. Saha, A. Loo, S. Lin, Science 2017, 357, 575; h) X.
Gao, P. Wang, L. Zeng, S. Tang, A. Lei, J. Am. Chem. Soc. 2018, 140,
4195; i) A. Badalyan, S. S. Stahl, Nature 2016, 535, 406.

[7] a) P. L. Wong, K. D. Moeller, J. Am. Chem. Soc. 1993, 115, 11434; b) S. S.
Libendi, Y. Demizu, O. Onomura, Org. Biomol. Chem. 2009, 7, 351; c) S.
Suga, M. Okajima, K. Fujiwara, J.-i. Yoshida, J. Am. Chem. Soc. 2001, 123,
7941; d) J. Kuleshova, J. T. Hill-Cousins, P. R. Birkin, R. C. D. Brown, D.
Pletcher, T. J. Underwood, Electrochim. Acta 2012, 69, 197; e) N. Fu, L. Li,
Q. Yang, S. Luo, Org. Lett. 2017, 19, 2122.

[8] For examples on electrochemical hydrodehalogenation with divided
cells, see: a) C. Getz, M. Selt, M. B-nziger, C. Bucher, C. Rçmelt, N.
Hecken, F. Gallou, T. R. Galvao, S. R. Waldvogel, Chem. Eur. J. 2015, 21,
13878; b) M. Feroci, M. Orsini, L. Palombi, G. Sotgiu, A. Inesi, Electrochim.
Acta 2004, 49, 635; c) C. Amatore, J. Badoz-Lambling, C. Bonnel-
Huyghes, J. Pinson, J. M. Sav8ant, A. Thi8bault, J. Am. Chem. Soc. 1982,
104, 1979; d) C. P. Andrieux, J. Badoz-Lambling, C. Combellas, D. La-
combe, J.-M. Sav8ant, A. Thi8bault, D. Zann, J. Am. Chem. Soc. 1987,
109, 1518.

[9] a) K. Mitsudo, Y. Nakagawa, J.-i. Mizukawa, H. Tanaka, R. Akaba, T.
Okada, S. Suga, Electrochim. Acta 2012, 82, 444; b) K. Mitsudo, T. Okada,
S. Shimohara, H. Mandai, S. Suga, Electrochemistry 2013, 81, 362.

[10] a) J. B. Edson, C. S. Macomber, B. S. Pivovar, J. M. Boncella, J. Membr. Sci.
2012, 399 – 400, 49; b) Y. N. Ahn, S. H. Lee, G. S. Lee, H. Kim, Phys. Chem.
Chem. Phys. 2017, 19, 19959.

[11] a) A. Dahl8n, G. Hilmersson, B. W. Knettle, R. A. Flowers, J. Org. Chem.
2003, 68, 4870; b) E. Cahard, F. Schoenebeck, J. Garnier, S. P. Y. Cutulic,
S. Zhou, J. A. Murphy, Angew. Chem. Int. Ed. 2012, 51, 3673; Angew.
Chem. 2012, 124, 3733.

[12] P. Jeschke, Pest Manage. Sci. 2017, 73, 1053.
[13] a) A. Galuszka, Z. M. Migaszewski, P. Manecki, Environ. Int. 2011, 37,

1265; b) J. Bieganska, Environ. Sci. Pollut. Res. 2013, 20, 855.
[14] Z. Li, S. Panton, L. Marshall, A. Fernandes, M. Rose, F. Smith, M. Holmes,

Chemosphere 2018, 195, 727.

Manuscript received: March 7, 2019

Accepted manuscript online: April 4, 2019

Version of record online: April 26, 2019

Chem. Eur. J. 2019, 25, 6911 – 6914 www.chemeurj.org T 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim6914

Communication

https://doi.org/10.1039/J39690002036
https://doi.org/10.1039/J39690002036
https://doi.org/10.1002/1521-3773(20020517)41:10%3C1699::AID-ANIE1699%3E3.0.CO;2-N
https://doi.org/10.1021/es010716+
https://doi.org/10.1021/ie0301482
https://doi.org/10.1021/cr0102967
https://doi.org/10.1021/ja300416f
https://doi.org/10.1002/anie.201611495
https://doi.org/10.1002/ange.201611495
https://doi.org/10.1002/ange.201611495
https://doi.org/10.1002/anie.201702478
https://doi.org/10.1002/anie.201702478
https://doi.org/10.1002/ange.201702478
https://doi.org/10.1002/anie.201505378
https://doi.org/10.1002/ange.201505378
https://doi.org/10.1002/anie.201601930
https://doi.org/10.1002/anie.201601930
https://doi.org/10.1002/ange.201601930
https://doi.org/10.1002/anie.201604950
https://doi.org/10.1002/anie.201604950
https://doi.org/10.1002/ange.201604950
https://doi.org/10.1002/anie.201706534
https://doi.org/10.1002/ange.201706534
https://doi.org/10.1021/acs.accounts.5b00068
https://doi.org/10.1021/acs.accounts.6b00270
https://doi.org/10.1021/acs.accounts.6b00270
https://doi.org/10.1021/ja805387f
https://doi.org/10.1021/ja805387f
https://doi.org/10.1038/nchem.1452
https://doi.org/10.1126/science.1258232
https://doi.org/10.1021/acs.chemrev.7b00397
https://doi.org/10.1021/acs.chemrev.8b00233
https://doi.org/10.1021/acs.chemrev.8b00233
https://doi.org/10.1016/j.chempr.2017.10.001
https://doi.org/10.1002/anie.201711060
https://doi.org/10.1002/anie.201711060
https://doi.org/10.1002/ange.201711060
https://doi.org/10.1038/nature17431
https://doi.org/10.1038/nature17431
https://doi.org/10.1002/anie.201510418
https://doi.org/10.1002/ange.201510418
https://doi.org/10.1126/science.aan6206
https://doi.org/10.1021/jacs.7b13049
https://doi.org/10.1021/jacs.7b13049
https://doi.org/10.1038/nature18008
https://doi.org/10.1021/ja00077a048
https://doi.org/10.1039/B816598J
https://doi.org/10.1021/ja015823i
https://doi.org/10.1021/ja015823i
https://doi.org/10.1016/j.electacta.2012.02.093
https://doi.org/10.1021/acs.orglett.7b00746
https://doi.org/10.1002/chem.201502064
https://doi.org/10.1002/chem.201502064
https://doi.org/10.1016/j.electacta.2003.09.018
https://doi.org/10.1016/j.electacta.2003.09.018
https://doi.org/10.1021/ja00371a030
https://doi.org/10.1021/ja00371a030
https://doi.org/10.1021/ja00239a035
https://doi.org/10.1021/ja00239a035
https://doi.org/10.1016/j.electacta.2012.03.130
https://doi.org/10.5796/electrochemistry.81.362
https://doi.org/10.1016/j.memsci.2012.01.025
https://doi.org/10.1016/j.memsci.2012.01.025
https://doi.org/10.1016/j.memsci.2012.01.025
https://doi.org/10.1016/j.memsci.2012.01.025
https://doi.org/10.1039/C7CP03209A
https://doi.org/10.1039/C7CP03209A
https://doi.org/10.1021/jo034173t
https://doi.org/10.1021/jo034173t
https://doi.org/10.1002/anie.201200084
https://doi.org/10.1002/ange.201200084
https://doi.org/10.1002/ange.201200084
https://doi.org/10.1002/ps.4540
http://www.chemeurj.org

