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ABSTRACT: Sacrificial anodes composed of inexpensive metals such as Zn, Fe and Mg are widely used to support electrochemical 
nickel-catalyzed cross-electrophile coupling (XEC) reactions, in addition to other reductive electrochemical transformations. Such 
anodes are appealing because they provide a stable counter-electrode potential and typically avoid interference with the reductive 
chemistry. The present study outlines development of an electrochemical Ni-catalyzed XEC reaction that streamlines access to a key 
pharmaceutical intermediate. Metal ions derived from sacrificial anode oxidation, however, directly contribute to homocoupling and 
proto-dehalogenation side products that are commonly formed in chemical and electrochemical Ni-catalyzed XEC reactions. Use of 
a divided cell limits interference by the anode-derived metal ions and supports high product yield with negligible side product 
formation, introducing a strategy to overcome one of the main limitations of Ni-catalyzed XEC.

Electrosynthetic reduction reactions encounter unique 
challenges relative to oxidation reactions. Whereas oxidations 
are often conducted “reagent-free”, evolving H2 at the counter 
electrode using electrons and protons derived from the 
substrate, reductions require an external source of electrons.1–3 
Sacrificial metal anodes are commonly used in these reactions 
because they can undergo facile oxidation at a controlled 
potential and avoid the need for chemical reductants, such as 
tertiary amines, that could interfere with the cathodic 
chemistry.1–5 Electrochemical Ni-catalyzed cross-electrophile 
coupling (XEC) reactions are the focus of growing interest6 
because such methods avoid the constrained redox potentials7 
and complications associated with use Mn and Zn metal powder 
reductants.8 Sacrificial anodes are widely used in these 
reactions. The first example in 1976 used an Al anode,9 and 
other metals, including Fe, Zn, Mg, and stainless steel (SS), 
found use in subsequent studies.10–20 Recent work at BMS 
revealed a strategic opportunity to use electrochemistry to 
prepare a pharmaceutical intermediate relevant to treatment of 
autoimmune disorders (Figure 1A).21,22 Electrochemical Ni-
catalyzed coupling of the piperidine and indole electrophiles 1b 
and 2a would streamline access to 3a, replacing two Pd-
catalyzed reactions in the current route with a single reaction 
using a non-precious-metal (Ni) catalyst 23,24 and a much lower 
cost piperidine-derived substrate (Figure 1A).21 Preliminary 
studies, however, showed that Ni XEC routes to 3a are 
complicated by homocoupling and/or proto-dehalogenation 
side products, reflecting a common challenge encountered in 
both chemical and electrochemical XEC reactions (Figure 1B). 
In the present study, analysis of electrochemical Ni-catalyzed 
XEC of 1b and 2a reveals that metal ions derived from 
sacrificial anodes are not innocent, but directly contribute to 
side product formation. Use of a divided electrochemical cell to 
restrict transport of these ions decreases or eliminates the side 
products. These results introduce an important strategy to 
improve selectivity in Ni-catalyzed XEC reactions.  

 
Figure 1. A) Comparison between the existing optimized conditions to 
synthesize 3a and a streamlined electrochemical reaction that directly 
accesses 3a from a lower cost piperidine substrate. B) Ni-catalyzed 
XEC reactions commonly form homocoupling and proto-
dehalogenation side products. 

The present study was initiated by employing the previously 
reported conditions: 5 mol% NiBr2●(dtbbpy)2 (dtbbpy = 4,4’-di-
tert-butyl-2,2’-bipyridyl), 2a and 1b in a 1:1.5 ratio, and 0.2 M 
LiBr in N,N-dimethylacetamide (DMA) (Figure 2A). The 
electrolysis was performed in an undivided cell with an RVC 
(reticulated vitreous carbon) cathode and a sacrificial Zn anode. 
A constant current of –4 mA was applied, and the reaction 
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reached completion when ~2.1 F/mol of charge were passed 
with respect to 2a. Under these conditions, 3a was obtained in 
71% yield, together with indole dimer 4a (3% yield25) and 
proto-dehalogenated indole 5a (28% yield)  (Figure 2B). A 
time course of the reaction (Figure 2B) shows that side product 
formation exhibits an induction period, beginning with the 
appearance of 5a at 0.9 F/mol and 4a at 1.6 F/mol of charge 
passed, indicating that reaction selectivity drops as the reaction 
progresses.  
The relatively poor reaction selectivity resembles 

observations made with Zn powder as a chemical reductant,21 
and raised the prospect that Zn2+ ions derived from sacrificial 
anodic oxidation could interfere with aryl-alkyl cross-
coupling.4,26–29 Therefore, we tested the same reaction in a 
divided electrolysis cell, with the anode and cathode 
compartments separated by a Nafion-115 cation exchange 
membrane (Figure 2C). We postulated the LiBr electrolyte 
could favor Li+ ion transport through the membrane to balance 
charge during electrolysis and limit transport of Zn2+ ions into 

the cathode compartment. ICP-OES quantification of Zn shows 
that, indeed, no Zn is detected (<1 ppm) in the cathode of a 
divided cell when Zn is used as sacrificial anode (Supporting 
Information, Figure S19). Significantly improved yield and 
selectivity for product 3a was observed when using this cell 
configuration: 92% yield of 3a and < 1% yield of side products 
4a and 5a (Figure 2C).30 
Other sacrificial anode materials were then tested in the 

undivided cell configuration, including Fe, Mg, Al, and SS-304 
(Figure 2D). Diisopropylethylamine (DIPEA) was also tested 
as a chemical reductant with an RVC anode.31,32 These alternate 
anodes are generally inferior to Zn and show different 
selectivity profiles. Only the Al anode supports a yield similar 
to Zn. The Zn anode promotes formation of proto-
dehalogenation side product 5a, while Fe and SS-304 show 
enhanced formation of the biaryl homocoupling side product 4a 
(Figure 2D). Often, both side products are observed. DIPEA 
shows poor substrate conversion, suggesting the amine or its 
degradation product inhibits catalytic turnover for this reaction. 

 
Figure 2. A) Previously optimized electrochemical conditions for the synthesis of 3a from 2a and 1b22 and its time course (B). C) Repeat of reaction 
in panel B, but with a divided cell containing a Nafion-115 membrane. 1H NMR spectroscopic yields with 1,3,5-trimethoxybenzene as an external 
standard. D) Screening of various materials as anodes, undivided cell, reactions run on 0.42 mmol 2a and 0.75 mmol 1b; SS-304 = stainless steel; 
#reaction run with 0.4 M LiBr; *in the case of sacrificial DIPEA (N,N-diisopropylethylamine) the anode was a RVC electrode. E) Same reactions 
shown in (D) run in a divided cell, Nafion-115 separated. F) Addition of metal salts (ZnBr2, FeBr2, MgBr2 respectively) into the cathode of reactions 
run in a divided cell (Nafion-115) with a Zn anode. Metals were dosed with a syringe pump (0.42 mmol MBr2, 0.25 mL/h) with exception of MgBr2 
which was added from the beginning due to low solubility in DMA at high concentrations. 
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Significantly improved results were obtained with each of 
these anodes when using the divided cell (Figure 2E). No 
formation of side products 4a or 5a is observed when using Zn, 
Fe, or Mg. When using SS-304 or Al, small amounts of 
unconverted starting material 2a and/or side products 4a and 5a 
are observed, possibly due to Al3+, Ni2+ and Cr3+ cross-over into 
the cathode (Supporting Information, Figure S6 and Table S4). 
However, higher concentrations of LiBr electrolytes can lower 
the diffusion of such ions and drastically improve selectivity 
(Figure 2E). Reactions run with DIPEA and an RVC anode 
showed formation of 5a, likely resulting from facile cross-over 
of H+ from the anode, where protons are generated from amine 
oxidation.31 The influence of M2+ ions was further tested 
through control experiments, in which MBr2 salts were slowly 

added via syringe pump to the cathode compartment in a 
divided cell to simulate the increasing concentration of these 
salts during electrolysis in an undivided cell (Figure 2F). The 
results align with observations obtained with the undivided cell 
experiments (cf. Figure 2D). Specifically, ZnBr2 induces 
formation of proto-dehalogenation side product 5a, FeBr233 
promotes formation of biaryl 4a, and MgBr2 both inhibits 
substrate conversion and promotes formation of 5a. 
Collectively, these results show that sacrificial metal anodes are 
not innocent and can have a deleterious impact on Ni-catalyzed 
XEC reactions. 
Zn and Fe are the most common sacrificial anodes used to 

support electrochemical Ni-catalyzed XEC reactions (Figure 
S26 in the Supporting Information documents the frequency of 

 
Figure 3. A) Screening of the effect of a divided and undivided cell on various p-substituted aryl-Br. Reactions run on 0.5 mmol of 2b-g with 1.5 
equiv of 1b. B) Plot of log(divided cell selectivity/undivided cell selectivity) vs σp. Selectivity defined as [product/(product+side products)]. C) 
Mechanistic hypotheses about the effect of MX2 on Ni catalysis. D) Formation of aryl-zinc 6f using a Zn anode in undivided cell and NiBr2●(dtbbpy)2 
(5 mol%) as catalyst. E) Effect of FeBr2 on the homocoupling reaction of 2f.  
 

 
Figure 4. Ni-catalyzed XEC electrolysis of 1b and 2a on larger scale using a parallel plate flow reactor with a carbon felt working electrode and Zn 
counter electrode. A) Photographs of the reaction set-up, showing a side view of the reactor together with the two reservoirs (left) and the front view 
of the parallel place reactor (right). B) Comparison between results in undivided vs Nafion-115 divided cell on 3.8 mmol 2a (0.9 g) and performance 
on 42 mmol 2a (10 g). 
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use for different sacrificial anode materials). Therefore, we 
probed the influence of Zn and Fe anodes on reactions with a 
series of electronically varied aryl bromides 2b-g with alkyl 
bromide 1b. Each of the reactions was performed in three 
different ways, in an undivided cell with Zn or Fe as the anode 
and in a divided cell with a Zn anode (Figure 3A). A plot 
comparing the selectivity in the divided and undivided cell 
configuration as function of the aryl bromide substituent 
Hammett parameter (σp) shows that nearly all substrates appear 
in the top half of the plot (Figure 3B). These results indicates 
that use of a divided cell leads to better – often significantly 
better – performance, including higher yields and selectivity. 
When side products are observed, proto-dehalogenation of the 
aryl bromide is typically observed with a Zn anode, while aryl 
dimerization is favored with an Fe anode.  
Ni-catalyzed aryl-alkyl XEC reactions are proposed to 

proceed through LNiII(Ar)X intermediates (Figure 3C).34,35 The 
influence of the Zn and Fe anodes can be rationalized by a 
competition between productive reaction of the LNiII(Ar)X 
species with an alkyl radical35,36 versus side reactions promoted 
by Zn2+ or Fe2+ ions in solution.  
Zn2+ ions seem to favor the proto-dehalogenation side 

product. This observation is rationalized by previous studies 
showing that aryl groups can undergo Ni-to-Zn transmetalation, 
forming ZnII-Ar species that are susceptible to 
protonolysis.26,37,38 A control experiment was conducted with p-
methoxyphenyl bromide 2f to test this hypothesis. Electrolysis 
of aryl bromide 2f with NiBr2●(dtbbpy)2 in the absence of the 
alkyl bromide 1b generates aryl zinc species 6f in 10% yield 
(identified by 1H NMR spectroscopy by comparison to 
independently prepared 6f; see Supporting Information, 
Figures S20 and S21), together with a mixture of side products 
derived from proto-dehalogenation (5f) and biaryl coupling 
(4f). 
In contrast, Fe2+ ions favor biaryl formation. We are not 

aware of direct precedents for this observation. Fe salts have 
been used in cross-electrophile biaryl-coupling reactions with 
heteroaryl halides;14,18,39  however, their role in this cases has 
been attributed to the Lewis acidity of Fe2+ preventing 
inhibition of the Ni-catalyst through coordination of the 
heteroaryl coupling products. When p-methoxyphenyl bromide 
was subjected to the reaction conditions in the absence of the 
alkyl bromide 1b in an undivided cell with a sacrificial Fe 
anode, the biaryl coupling product 4f was observed in 98% 
yield. This result is consistent with preferential formation of 
biaryl side products from reactions that use an Fe anode. Efforts 
to probe the origin of this noteworthy observation have been 
initiated, but control experiments show that the FeBr2 itself is 
not a competent biaryl coupling catalyst (see Supporting 
Information, Figure S22).  
These results have important implications for larger scale 

applications, prompting us to investigate the role of cell 
configuration in a parallel-plate flow reactor (Figure 4A). The 
optimized conditions were evaluated in the gram-scale 
synthesis of 3a in an undivided parallel-plate reactor (9 cm2 
surface area) equipped with a carbon felt cathode and Zn anode. 
The reaction led to only 56% yield of 3a, together with 17% 
yield of the proto-dehalogenation product 5a and 9% yield of 
biaryl 4a, and 11% of unreacted 2a. The same reaction was then 
performed in a reactor equipped with a Nafion-115 membrane 
separating the anode and cathode. In this case, the reaction 
afforded 3a in 96% yield, with no detectable formation of 4a or 

5a (Figure 4B). A similarly favorable outcome was obtained in 
a larger scale reaction (10 g, 42 mmol 2a) in a parallel plate 
reactor with a four-fold higher surface area (36 cm2, cf. Figure 
4B; see section 4 in the Supporting Information for details). 
Collectively, these results highlight the importance of 

managing the metal ions derived from sacrificial anodes in 
electrosynthetic reduction reactions. Examples of deleterious 
effects of sacrificial anodes are rare,40–43 and most previous 
studies in which the role of anode-derive metal ions has been 
considered highlight beneficial effects.44–49 For example, Zn2+ 
and Cu+ ions from Zn and Cu anodes have been used for 
electrosynthetic preparation of organometallic 
species,13,26,27,38,50–52 and Al3+ and Fen+ ions derived from Al and 
Fe anodes participate as Lewis acids in electrosynthetic 
reductions.14,29,53–55 In most cases, sacrificial anodes are used for 
their simplicity and to avoid complications from the use of 
chemical reductants. The present work demonstrates an 
important counter example to these beneficial and/or innocent 
roles of sacrificial anodes, while showing how introduction of 
a membrane between the anode and cathode compartment 
provides an effective solution to overcome this problem. This 
approach highlights a unique opportunity to achieve improved 
outcomes by using electrochemical, rather than chemical, 
reduction methods. Chemical Ni-catalyzed XEC reactions 
commonly use metallic Zn as the source of electrons, but such 
reactions will necessarily release non-innocent Zn2+ ions into 
solution that can contribute to the formation of side product. 
Electrochemical XEC reactions may be performed in a divided 
cell that segregates the Ni-catalyzed reactivity from the 
reductant, allowing systematic optimization and improved 
performance of the XEC reaction, without interference from of 
the source of electrons.   
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