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Abstract  

 

Polyhalogenated molecules have found widespread applications as flame retardants, pest-control 

agents, polymers and pharmaceuticals1,2. They also serve as versatile synthetic intermediates in 

organic chemistry due to the inherent reactivity of carbon-halogen bonds 3 , 4 . Despite these 

attractive features, the preparation of polyhalogenated molecules still mainly relies on the use of 

highly toxic and corrosive halogenating reagents, such as Cl2 and Br2, which are hazardous 

compounds to transport, store, and handle4,5. Moreover, the use of such highly reactive reagents 

inherently makes the development of the reverse reactions, retro-dihalogenations, highly 

challenging, despite their potential for the recycling of persistent halogenated pollutants. Here, we 

introduce an electrochemically-assisted shuttle (e-shuttle) paradigm for the facile and scalable 

interconversion of alkenes and vicinal dihalides, a class of reactions which can be used both to 

synthesize useful polyhalogenated molecules from simple alkenes and to recycle waste material 

through retro-dihalogenation. The power of this reaction is best highlighted by an example, in 

which different soils contaminated with a persistent environmental pollutant (Lindane), could be 

directly used as Cl2-donors for the transfer dichlorination of simple feedstock alkenes, merging a 

recycling process with a synthetically relevant dichlorination reaction. We further demonstrate that 

this paired electrolysis-enabled shuttle protocol, which uses a simple setup and inexpensive 

electrodes, is applicable to four different, synthetically useful transfer halogenation reactions, and 

can be readily scaled-up to a decagram scale. In a broader context, the symbiotic merging of 

shuttle reactions and electrochemistry introduced in this work opens new horizons for safer 

transfer functionalization reactions that will address important challenges across the molecular 

sciences. 
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Main text: 

 

Transfer hydrofunctionalization proceeding through a shuttle catalysis6 paradigm has emerged as 

a powerful and versatile strategy to reversibly functionalize and defunctionalize organic molecules 

without employing or releasing highly toxic reagents7,8,9,10,11,12, such as HCN7. However, catalytic 

and reversible transfer reactions have so far been limited to alkene monofunctionalization13 

reactions which usually involve the transfer of an HX molecule6,12. In contrast, the synthetically 

appealing, simultaneous transfer of two functional groups, in a catalytic reversible transfer 

difunctionalization process, has so far remained elusive, despite the vast synthetic potential of 

these reactions in organic synthesis. In particular, reactions involving the formal transfer of 

extremely hazardous molecules, such as Cl214,15 or Br2, from easy-to-handle and less toxic bulk 

chemicals, such as inexpensive dichloro- and dibromoethane, would be highly desirable because 

of the widespread synthetic applications of polyhalogenated molecules in flame retardants, 

pesticides, materials and natural products1,2,16 (Fig. 1A). The inherent reversibility of such a shuttle 

reaction would further unlock the facile retro-dihalogenations of end-of-life halogenated products, 

providing a new entry into a circular economy approach to these products.  

The challenge in developing transfer difunctionalizations such as transfer dihalogenations 

originates from the catalytic approach generally employed in shuttle catalysis. Transfer 

hydrofunctionalizations, such as hydrocyanation7, rely on the intermediacy of an alkyl-metal 

complex which readily undergoes fast and reversible β-hydride elimination, thus triggering the 

transfer of an hydrogen atom alongside the desired functional group12 (Fig. 1B). Unfortunately, 

the ease of β-hydride elimination makes the selective, competitive elimination of other 

synthetically useful groups extremely challenging17. Furthermore, while β-hydride elimination is a 

fast and reversible process, the subsequent migratory re-insertion of an alkene into a 

metal−halogen bond is often kinetically and thermodynamically disfavored due to the high stability 

of metal-halogen bonds18. Thus, a mechanistically distinct approach to favor halogen transfer over 

hydrogen transfer is crucial to unlock this important class of transfer difunctionalization reactions. 

Electrosynthesis has recently experienced a renaissance in organic chemistry, as it utilizes 

inexpensive and readily available electrical current from renewable resources as a sustainable 

and inherently safe redox reagent19,20,21,22. Notable advances have been made in halogenation 

reactions, as illustrated by an elegant example of dichlorination reaction from Lin and coworkers23. 

However, this reaction, as well as the vast majority of other electrochemical reactions, have to be 
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coupled to another sacrificial half reaction, for example proton reduction to form hydrogen, at the 

counter-electrode. Besides this limitation, current protocols can often be further limited by the use 

of complex reaction setups including expensive metal electrodes, or the generation of by-products 

implying safety issues (e.g. hydrogen)24.  

We envisaged that consecutive paired electrolysis involving a domino reduction-oxidation 

cascade25,26, a class of ideal yet extremely rare electrochemical reactions wherein electrons at 

both electrodes are employed in the desired transformation, could provide a totally unexplored 

path to reversible electrochemically-mediated shuttle reactions (e-shuttle). We surmised that the 

reversible cleavage of two strong carbon─halogen bonds through a controlled electron transfer 

process initiated by a simultaneous, simple reduction and oxidation of key intermediates at the 

anode and cathode, respectively, would unlock this new class of transformations (Fig. 1C/D). In 

our hypothesis, the single-electron reduction of the dihalide at the cathode releases the Y– anion 

and generates the carbon radical 1, which is almost instantly reduced again to generate a 

carbanion27. As a central design, the subsequent selective loss of X– instead of a hydride breaks 

the C─X bond, releasing the alkene compound. Considering that a halide anion is a much better 

leaving group than a hydride, the competing undesired β–H elimination, which is often the 

preferred pathway when alkyl-transition metal complexes are involved as intermediates, can be 

effectively suppressed by this electrochemical approach. The subsequent oxidation of X– at the 

anode followed by reaction with the alkene delivers the desired product, which closes the cycle 

by reestablishing the C─X and C─Y bonds in a fully isodesmic process. Highly precise control of 

the potential applied on the electrodes and the highly tunable cell voltage would make this strategy 

outstandingly modular and versatile with regard to the group transferred, opening new horizons 

for further shuttle reaction development. This is a great advantage over the organometallic 

strategy, where each shuttle reaction relies on a completely different combination of metal and 

catalyst requiring tedious optimization campaigns12. 
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Fig. 1 │ Reaction design and challenges of transfer difunctionalization.  
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At the outset of our investigations, a transfer dibromination was uniformly optimized in an 

undivided cell using inexpensive isostatic graphite as the electrode material under constant 

current conditions at room temperature, a reaction setup easily accessible to non-specialized 

laboratories. 1,2-Dibromoethane (DBE) was selected as a formal Br2 donor because it is an 

inexpensive reagent, produced on a bulk scale, that would solely release benign ethylene, a 

naturally occurring phytohormone, as a by-product. It is also notable that most commercial 

suppliers offer this reagent at an even lower price (per mol of Br2-equivalents) than Br2 itself, 

presumably reflecting the challenges and costs inherent to transporting and storing toxic and 

volatile Br2
28. Optimal results were obtained with 5 equiv. of 1,2-dibromoethane as the Br2 donor, 

1 vol% HFIP as the key additive29, and 2 equiv. of Et4NBF4 as electrolyte, providing the targeted 

1,2-dibromide 2 in 84% NMR yield when 3 F of electricity with respect to 1-dodecene was applied 

(Fig. 2). As indicated by cyclic voltammetry (CV) studies, the HFIP additive plays a key role in 

facilitating the reduction of the DBE donor and suppressing the undesired and unproductive 

reductive oligo/polymerization of alkene acceptors at the cathode (see Fig. 2A and Supplementary 

Fig. 5 and 6 for more details). It is noteworthy, that the supporting electrolyte can be easily 

crystallized from the reaction mixture to be recycled. 

Using this protocol, a broad range of unactivated terminal alkenes (2−11) were readily converted 

to the corresponding dibromide product in good to excellent yields, in which a large variety of 

functional groups such as amide (3), ester (4), free carboxylic acid (5), primary alcohol (6), tosyl 

(7) and bromide (8) were well tolerated. Activated alkenes, such as styrene (12–15) and vinyl 

silane (16 and 17), proved to be suitable substrates as well, albeit giving slightly lower yields. 

While hexa-1,5-diene underwent two-fold 1,2-dibromination to yield the tetra brominated product 

18 in decent yield, selective mono 1,2-dibromination was observed for several other unconjugated 

dienes (19 and 20). To demonstrate the scalability and robustness of this e-shuttle process, the 

transfer bromination of 1-dodecene was readily scaled-up to a 250 mL beaker cell from a 10 mL 

reaction vial to give 7.58 g of product 2 under otherwise identical reaction conditions (Fig. 2C).  

Taking advantage of the reversible elimination of a ─SR group30, we could next also develop a 

transfer bromothiolation of alkenes to make 1,2-bromothioether derivatives which are valuable 

synthetic intermediates usually accessed through multistep synthesis involving toxic and highly 

reactive R─SBr reagents 31 , 32 . Several terminal alkenes were successfully converted to the 

targeted bromothio-ether product, under otherwise identical conditions, taking 2-bromoethyl 

phenyl sulfide (10 equiv.) as the PhS─Br donor (Fig. 2D). The high regioselectivity obtained 

clearly highlights the possibility to transfer two different functionalities with high efficiency. The 
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carboxylic acid (22) and ester (23) functional groups were well tolerated. Interestingly, an 

interrupted shuttle reaction took place when pent-4-en-1-ol and pent-4-enoic acid were employed 

as the substrates, delivering the cyclic ether (24) or lactone derivatives (25) via subsequent 

intramolecular nucleophilic attack, demonstrating the method´s potential for the development of 

new cascade reactions.  
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Fig. 2 │ Scope of the Br2 and Br─SPh-shuttle reactions. CV studies: A 5 mM solution of 1,2-DBE and 1-dodecene in MeCN using 

NEt4BF4 (0.2M) at a graphite electrode with and without 1 vol% HFIP as the additive.  
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In order to further demonstrate the modularity of this conceptually new approach to reversible 

transfer reactions, we next developed a transfer dichlorination reaction (Fig. 3). 1,2-

Dichloroethane (DCE) was selected as the donor, because it is an inexpensive bulk chemical (20 

million ton/year), which is produced as a central intermediate in polyvinylchloride (PVC) 

production using the excess of Cl2 gas generated during the Chlor-alkali electrolysis process33. 

The desired dichloride 28 was obtained in 39% yield when 5 mol% of a Mn(II) salt (e.g., 

MnCl2∙4H2O) was introduced as a mediator23 using an otherwise identical electrochemical setup 

to the dibromination protocol. The yield was further increased to 70% when DCE (ca. 125 equiv.) 

was used as the solvent34. While this procedure was efficient for a wide set of terminal alkenes 

(28–34, Fig. 3B), it failed for more challenging 1,1,2-trisubstituted alkene 26 (Fig. 3A), a feature 

largely attributed to the undesired 1,2-dechlorinative decomposition of the product 27 and alkene 

oligomerization of the starting material via cathodic reduction. We reasoned that these two 

challenges could be smoothly addressed by choosing a more suitable dichloride donor. Based on 

the known redox potentials of a large set of simple chlorinated compounds35 , we hypothesized 

that polychlorinated C2-donors, which are more readily reduced, should lead to a more favorable 

reaction outcome. Experimentally, an excellent correlation between the redox potentials of a 

series of donors was indeed observed, leading to the identification of 1,1,1,2-tetrachloroethane 

as the reagent of choice, affording the desired dichloride product 27 in 90% NMR yield (Fig. 3A). 

Using this procedure, a series of mono-substituted, di-substituted and tri-substituted alkenes 

participated smoothly in the 1,2-transfer dichlorination reaction, with free alcohol (29, 35, and 37), 

ester (30), imide (32), phosphonate (33), sulfone (34), internal alkyne (37), and Ts and Boc 

protected amine moieties (38 and 39) well tolerated. Various styrene-derived alkenes were 

converted to the corresponding 1,2-dichlorides in good to excellent yield (42–52), leaving the Br, 

Cl, CN, CF3, CHO, and COOH functional groups untouched. Indene was diastereoselectively 

transformed into trans-1,2-dichloride 50 (d.r. > 19:1). Interestingly, both (E)- and (Z)-1-

phenylpropene were converted to the anti-dichloride 51 in similarly high diastereoselectivity. The 

1,2-dichloride compound 52, bearing a reactive benzylic tertiary C─Cl bond, was prepared in good 

yield from α–methylstyrene. Several other activated alkenes, such as the silyl and ester attached 

alkenes, also proved to be viable substrates (53–56), in particular, methyl cinnamate was 

converted to the 1,2-dichloride 56 in an excellent d.r. ratio (> 19:1). To our delight, preliminary 

experiments show that this protocol can be readily extended to the 1,2-chlorothiolation transfer 

reaction using the commercially available 2-chloroethyl phenyl sulfide (10 equiv.) as the donor 

(Fig. 3C).
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Fig. 3 | Scope of the Cl2 and Cl−SPh-shuttle reactions. a: NMR yield. b: Neat DCE (0.1 M) as the donor, 1-dodecene (1 equiv.) as 

the acceptor. c: Redox potential (V vs SCE) measured for the first reduction peak at 0.2 Vs−1, polychlororethanes (2 mM) in DMF + 

0.1 M (C3H7)4NBF4 at a glassy carbon electrode acc. to lit.35 d: Neat DCE (0.1 M) as the donor. e: (E)-prop-1-en-1-ylbenzene as the 

acceptor. f: (Z)-prop-1-en-1-ylbenzene as the acceptor.  



11 
 

Lindane, which was once widely used as an effective insecticide in crop protection, is classified 

as a persistent organic pollutant due to its high toxicity and high persistency in the environment36,37. 

We thus questioned whether this waste material, which, among other chemical and biological 

approaches,36 can only be inefficiently degraded through normal electrochemical recycling 

methods38,39,40, could instead be repurposed as an efficient Cl2 donor in a synthetically useful 

transfer dichlorination (Fig. 4A). Indeed, lindane served, through three successive retro-

dichlorination events, as an excellent donor in this reaction generating the desired dichlorinated 

products alongside benzene, the fully dechlorinated by-product of lindane. We were able to show 

the broad applicability of this reaction by performing the reaction with five illustrative examples in 

excellent yields up to 93% (with respect to 3 equiv. of alkene at >95% GC yield of benzene, Fig. 

4B), as well as by scaling the reaction to 75 mmol of alkene (Fig. 4C). The exceptional functional 

group tolerance of our e-shuttle strategy made us question whether we could directly use lindane-

contaminated soils as reagents for our transfer dichlorination reaction (Fig. 4D). To mimic the 

composition of soils contaminated by high concentration of hexachlorocyclohexane (HCH), which 

is mainly caused by leachates of improper disposal at landfilling or dump sites36, three soil 

samples from different locations near our university campus, i.e., roadside, flower field, and 

farmland, were collected and homogeneously mixed with commercially available lindane. 

Remarkably, the 50 w% lindane contaminated soil could be used directly in the reaction without 

any pre-extraction or filtration, delivering both the benzene and dichloride product in excellent 

yields, a result comparable to the experiments using pure lindane (Fig. 4D). This result shows 

that our degradation process is compatible with the biological and mineral impurities present in 

three different soil types. A much lower lindane-soil ratio of 1 w%, where lindane was extracted 

with the reaction solvent prior to the degradation, also afforded good yields for both benzene (76%) 

and dichloride (76%). Collectively, these results show that e-shuttle provides a powerful new 

avenue to not only recycle toxic wastes, but also to valorize them through coupling with a 

synthetically relevant reaction. These results further provide a conceptual blueprint for the 

development of ideal shuttle reactions, in which the synthetically relevant functionalization of a 

substrate is directly coupled with the recycling of a persistent environmental pollutant. 



12 
 

 

Fig. 4 | Application of e-shuttle reactions. a: Lindane was extracted by MeCN before degradation.   
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Summary 

In conclusion, we have reported a scalable e-shuttle strategy to unlock previously elusive transfer 

difunctionalization reactions. Using an easily accessible electrochemical setup involving 

consecutive paired electrolysis in a domino reduction-oxidation cascade, we have been able to 

take advantage of single electron transfer processes to develop four distinct, synthetically relevant 

transfer reactions using this unified strategy. The utility of the reaction’s reversibility is 

demonstrated in the concomitant degradation of a waste molecule to functionalize simple 

feedstocks. In a broader context, we believe that these results lay the groundwork for the 

development of countless new reversible reactions which take advantage of the merger between 

shuttle reactions and electrochemistry. 
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