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ABSTRACT: C–N cross-coupling is one of the most valuable and widespread transformations in organic synthesis. Largely domi-
nated by Pd- and Cu-based catalytic systems, it has proven to be a staple transformation for those in both academia and industry. The 
current study presents the development and mechanistic understanding of an electrochemically driven, Ni-catalyzed method for 
achieving this reaction of high strategic importance. Through a series of electrochemical, computational, kinetic, and empirical ex-
periments the key mechanistic features of this reaction have been unraveled, leading to a second generation set of conditions that is 
applicable to a broad range of aryl halides and amine nucleophiles, including complex examples on oligopeptides, medicinally-rele-
vant heterocycles, natural products, and sugars. Full disclosure of the current limitations as well as procedures for both batch and 
flow scale-ups (100 gram) are also described.  

Introduction 

  Given the ubiquitous nature of the aniline motif in drugs and 
natural products, there is a constant need for the development 
of methods for mild and selective C(sp2)–N bond formation.1 
Currently, the stalwart methods to achieve cross-coupling of 
aryl halides and amines employ Pd- (Buchwald-Hartwig) and 
Cu-based (Ullmann) catalysts, which rank among one of the 
most employed transformations in modern pharmaceutical de-
velopment.2 Indeed, there exists a myriad of reports investigat-
ing the classic limitations of these reactions such as the use of 
strong base and elevated temperature.1 Despite these reports, 
there is still documented and anecdotal evidence that several 
classes of amines or aryl halides remain particularly challenging 
substrates for C–N cross-coupling. As an example, the coupling 
of secondary alkyl amines and oligopeptides proceeds in low 
yields even under the most modern sets of conditions.3  

 Synthetic organic electrochemistry enables precise redox con-
trol to achieve either known transformations with less waste or 

to accomplish otherwise-intractable transformations.4 Exam-
ples from our own lab range from the anodic generation of alkyl 
radicals from sulfinate salts5 to the C–H oxidation of allylic6 
and unactivated sites.7 Interactions with industrial collaborators 
in both process and medicinal chemistry inspired us to evaluate 
an electrochemical approach to C–N cross coupling. In 2017, 
we reported a Ni-catalyzed aryl amination—coined as e-amina-
tion—that exhibited a wide substrate scope for the coupling of 
aryl halides and triflates with amines, alcohols, and amides.8 
The reaction uses commercial reticulated vitreous carbon 
(RVC) and Ni-foam electrodes in concert with an inexpensive 
and abundant Ni catalyst at room temperature. We speculated 
the success of this transformation relies on the curious co-exist-
ence of multiple different Ni-oxidation states in the same reac-
tion vessel, a task perfectly suited to electrochemistry. Critical 
assessment of the original conditions revealed that aryl halide 
coupling partners were largely limited to electron-poor deriva-
tives and attempts with historically challenging heteroaryl 



 

halides were deemed unsatisfactory. Additionally, the choice of 
amine was restricted to primary and secondary alkyl substrates; 
functionalized amines, including amino acids and oligopep-
tides, did not perform well.  

The limitations in scope were attributed to a lack of understand-
ing in the catalytic system. For instance, it was not clear what 
oxidation state of Ni was engaging in oxidative addition, the 
identity of the rate-determining step, or even the effect of sim-
ple experimental parameters such as ligand, electrolyte, or sol-
vent. Thus, a comprehensive understanding of the reaction 
mechanism was needed in order to improve the previous set of 
conditions, with particular interest in identifying the rate-deter-
mining step, along with the ligation and oxidation states of cat-
alytically active species. In this Article, a detailed reaction pro-
file for e-amination is delineated, enabled by the strategic union 
of nuanced electrochemical analysis, DFT calculations, and em-
pirical optimization. This collaborative endeavor facilitated the 
development of a robust, well-defined, catalytic system result-
ing in a greatly expanded substrate scope.   

 

Background and Historical Context 

  Figure 1 graphically outlines the history of Ni-catalyzed C–N 
cross coupling.9 In 1950, Hughes and co-workers reported the 
first example of Ni mediated C–N cross-coupling between chlo-
robenzene and methylamine using NiCl2 at 200 °C (Figure 
1A).10 Several decades later, Cramer11 and Cristau12 conducted 
comprehensive studies on the C–N bond formation between 
chlorobenzene and different amine coupling partners in the 
presence of a Ni0 catalyst at elevated temperatures (100 °C to 
230 °C). The limited substrate scope did not favor the uptake of 
this potentially valuable transformation. It was not until 1997, 
when Buchwald and co-workers explored Ni0-catalyzed amina-
tion in a synthetic context, that significant interest in Ni-cata-
lyzed C–N cross coupling emerged.13 As recognized, Ni-based 
amination reactions might be more practical than related Pd-
systems on large scale due to cost considerations. Moreover, 
owing to its high reactivity towards less reactive electrophiles 
such as aryl chlorides, Ni-catalysis provides an alternative ap-
proach to palladium and copper catalysis. However, the require-
ments of air-sensitive Ni0 catalysts, high temperatures, and 
strong alkoxide bases remained important unsolved drawbacks 
that significantly curtailed the adoption of such systems. 

  Through the years, several groups tackled the challenges and 
limitations associated with the Ni-catalyzed C–N bond for-
mation (Figure 1B). Nolan,14 Buchwald,15 Doyle,16 and Stewart 
17 independently addressed the air sensitivity issue of Ni0 cata-
lysts by developing innovative air stable Ni precatalysts. In 
2010, Nicasio et al. reported the first room temperature amina-
tion reaction of heteroaromatic chlorides using a bulky al-
lylnickel chloride/N-heterocyclic carbene complex as a well-de-
fined precatalyst 1.18 Despite all these advances, the scope of 
the Ni-catalyzed amination of aryl halides has been limited to 
the coupling of secondary alkylamines and arylamines, while 
primary alkylamines, one of the most significant classes of 
amines for such cross coupling, have been shown to couple only 

with activated aryl chlorides. As a breakthrough for this prob-
lem, Stradiotto and Hartwig et al. independently reported the 
Ni-catalyzed amination for a broad range of unactivated 
aryl/heteroaryl chlorides and bromides with primary aliphatic 
amines.19 However, secondary aliphatic amines have proven to 
be poor coupling partners under their developed conditions, de-
spite the use of a sophisticated ligand 2 or air-sensitive catalysts 
3. These pioneering developments highlight the difficulty in 
finding an efficient, general and practical set of conditions for 
the Ni-catalyzed amination of aryl halides.   

  As a totally different approach to improve Ni-catalyzed ami-
nation, Hillhouse and co-workers demonstrated dramatic accel-
eration of C–N reductive elimination by using an oxidant in the 
context of aliphatic systems (Figure 1C).20 In 2012, Nakamura 
and co-workers suggested that facile C–N bond formation could 
be achieved under similar oxidative conditions for aryl systems 
as well.21 Therefore, the reductive elimination event can be pro-
moted by the intermediacy of a high-valent Ni species accessi-
ble via oxidation. These results point to a critical challenge to 
achieve Ni-catalyzed amination of aryl halides; namely, the co-
existence of a low-valent Ni catalyst to favor oxidative addition 
with a high-valent Ni catalyst to facilitate reductive elimination. 
In 2016, Buchwald, MacMillan and co-workers elegantly em-
ployed photoinduced electron transfer to allow mild generation 
of active Ni0 species and oxidatively-induced reductive elimi-
nation in the same pot using an Ir photosensitizer (Figure 1D).22 
Subsequently, our group reported an electrochemical approach 
to Ni-catalyzed amination (e-amination) that proceeds smoothly 
at room temperature or below without the aid of a strong inor-
ganic base or co-catalyst, together with a promising substrate 
scope (Figure 1E).8   

 

Mechanistic Studies of e-Amination 

  As alluded to above, e-amination likely involves accessing 
disparate Ni-oxidation states; the initial low-valent Ni (Ni0 or 
NiI) for oxidative addition and the intermediate high-valent 
state (NiIII) required for efficient reductive elimination must 
harmoniously coexist in the same vessel. Realization of such 
contradictory redox events in a simultaneous manner is chal-
lenging under conventional chemical conditions but ideally 
suited to an electrochemical setup. In this section a careful study 
to demystify the underlying steps of the catalytic cycle is pre-
sented. 

  Extensive mechanistic studies involving detailed electrochem-
ical analysis and DFT calculation have led to elucidation of the 
mechanistic underpinnings of the e-amination, which is now 
presented in Figure 2A. First, the ligation state of the NiII precat-
alyst was determined by UV-Vis spectroscopy (Figure 2B [A]). 
Concentration profiles for each NiLnBr2 ligation state (L = 
Mebpy) were constructed using reported λmax values and molar 
absorption coefficients.23 Interestingly, the data suggested a 
mixed and dynamic NiII ligation states, and predominant species 
varies depending on the ligand/NiII ratio. Importantly, the liga-
tion profile suggests a substantial portion of NiII 



 

 

Figure 1. (A) Discovery of Ni-catalyzed amination; (B) Improvement of catalytic systems; (C) Accelerated reductive elimination via 
NiIII intermediate; (D) Ni-catalyzed amination with photo-induced electron transfer catalysis; (E) Electrochemical, Ni-catalyzed ami-
nation (e-amination).

remains unligated when the ligand is present in only one equiv-
alent relative to NiII. The presence of unligated NiII species is 
postulated to be undesirable because overreduction of such spe-
cies could lead to excessive Ni0 aggregation which would man-
ifest as Ni-black deposition on the cathode. Consequently, the 
UV-Vis study suggested the possibility of more efficient catal-
ysis with higher ligand loading. 

  In parallel to these experiments, we performed density-func-
tional theory (DFT) calculations were performed using the 
M06-L exchange-correlation functional, 6-31+G** basis set, 
and Stuttgart/Dresden effective core potentials, which took into 
account solvation effects with the SMD model using DMF as 
the implicit solvent to gain more insight about this equilibrium. 
The binding of the first Mebpy ligand (NiIIBr2 → NiIILBr2) is 
substantially exothermic with the calculated energy difference 
between unligated and mono-ligated species ΔE = -323 kJ/mol 
(See SI for details). Although much smaller energy gains are 
observed for the binding of the second and third ligands due to 
steric constraints, the energy differences indicate facile ligand 
association/dissociation is thermodynamically feasible. In real-
ity the situation is likely competitive binding between the lig-
and, DMF, and amine nucleophile. Hence, the population of 
various NiII complexes is dependent on the molar fractions of 
all solution phase compounds, which creates a dynamic and 
complex ligation situation.    

  To shed light on the electrochemical reduction of 
NiII(Mebpy)nBr2, DMF solution of NiBr2•3H2O with various 
concentrations of Mebpy was analyzed by square wave voltam-
metry (SWV, Figure 2B [B]).  There are two distinct sets of 
redox features grouped in the range of -0.8 to -1.2 V and -1.5 to 
-1.8 V (all potentials are reported vs Ag/AgNO3). Computa-
tional analysis of various NiII(Mebpy)nBr2 oxidation states (See 
SI for details) suggests that these experimentally observed re-
dox potentials are similar to the calculated values for the Ni(II/I) 
and Ni(I/0) redox transitions. The large difference between the 
two redox couples suggest that the NiI species is likely formed 
predominantly under constant current conditions to initiate ox-
idative addition. Electrochemical analysis of NiII(Mebpy)nBr2 
reduction using a microelectrode suggests that the nature of this 
step is complicated and the involvement of Ni0 cannot be com-
pletely ruled out (See SI for details). However, the combination 
of computational evidence, SWV analysis, and the variety of 
known comproportionation pathways resulting in the rapid for-
mation of NiI lead us to the conclusion that NiI is most likely 
the active species toward oxidative addition.24  

  Cyclic voltammograms (CVs) of NiII(Mebpy)Br2 in the ab-
sence and presence of 4-bromoanisole as an electrophile indi-
cated the ability of NiI to undergo oxidative addition under the 
reaction conditions (Figure 2B [C][D]). A loss of electrochem-
ical reversibility of the Ni(II/I) redox couple upon addition of 
4-bromoanisole suggests oxidative addition is occurring rapidly 



 

relative to the time scale of the CV (100 mV/s), indicating this 
step is unlikely to be the rate-determining step. Reaction energy 
profiles determined by DFT (Figure 2B [C][D], bottom) further 
corroborate this conclusion; after endothermic ligand dissocia-
tion at ∆E = 99 kJ/mol, oxidative addition occurs with relatively 

low activation energy ∆E‡ = 73 kJ/mol. As indicated, this oxi-
dative addition is quite exothermic (∆E = -162 kJ/mol).  This 
means that all NiII(Mebpy)nBr2 (n = 1-3) could undergo rapid 
oxidative addition upon reduction due to the relatively small ac-
tivation barrier and large energy gain, even considering the un-
favorable ligand dissociation to create open coordination sites. 
DFT results also suggest that the generated NiIII(Mebpy)(Ar)Br2 
5a (Ar = 4-CF3C6H4) can be readily reduced to 
NiII(Mebpy)(Ar)Br 7a (Ered ~ -0.5 V vs Ag/AgNO3), which is 
experimentally supported by the observed increase in reductive 
current of the Ni(II/I) redox couple in the presence of aryl halide 
substrate.  

  The evidence for rapid oxidative addition suggests that either 
amine coordination/deprotonation or reductive elimination is 
rate-determining in the overall catalytic cycle. Experimentally, 
the reaction with a sterically demanding t-butyl amine became 
sluggish, indicating that slow coordination/deprotonation of the 
amine nucleophile is potentially rate-determining (Figure 2B 
[E][F], top). To further determine the energetic requirements of 
amine coordination versus deprotonation, we examined the cou-
pling of morpholine with 4-trifluoromethylbromobenzene. The 
DFT results showed that in the absence of steric constraints, the 
dative amine coordination should be relatively facile, with en-
ergy release around ∆E = -46 kJ/mol for this step, while the sub-
sequent deprotonation from the basic amine causes a large en-
ergy increase (∆E = 193 kJ/mol) and similarly large values for 
the ensuing reductive elimination (∆E ~ 204 kJ/mol, black line). 
However, when excess free amine molecules exist in solution, 
their action as a base in the deprotonation of the coordinated 
amine compensates for the large positive ∆E for this step (sim-
ilarly accomplished by the addition of an exogenous base such 
as DBU). In addition, ∆E for reductive elimination drastically 
decreases if the NiII complex is oxidized to NiIII one. Overall, 
combination of additional base and oxidation of NiII to NiIII af-
ford an energetically feasible reaction pathway.  

  To experimentally verify the oxidation of NiII to NiIII, interme-
diate NiII(tBubpy)(4-MeOC6H4)Br 12 was synthesized inde-
pendently and cyclic voltammetry of 12 was studied in the pres-
ence or absence of hexyl amine. Neither 12 nor hexyl amine 
showed electrochemical oxidation within the electrochemical 
solvent/electrolyte window (Figure 2B [E][F] middle). How-
ever, the addition of a large excess of hexyl amine into the DMF 
solution of 12 (100 equivalents with respect to Ni) results in the 
formation of a complex that is oxidized irreversibly at ~0.8 V, 
which again indicates slow amine coordination/deprotonation 
on the NiIIL(Ar)Br intermediate 7.   

  Taken together, our results are consistent with the mechanism 
illustrated in Figure 2A involving [A] the dynamic ligation state 
of NiII precatalyst, [B] the electrochemical reduction of NiII to a 

NiI species 4 at the cathode, [C] the rapid oxidative addition of 
NiI to an aryl halide generating a transient NiIII species 5, [D] a 
second electrochemical reduction at the cathode resulting in a 
stable NiII aryl intermediate 7, [E] the coordination of the amine 
and rate-limiting deprotonation to the intermediate 8, [F] the 
electrochemical oxidation at the anode to generate a high-en-
ergy NiIII complex 6, followed by rapid reductive elimination to 
produce the arylamine product while regenerating 4 as the ac-
tive catalyst. Basic kinetic analysis is in good agreement with 
this mechanistic picture (See SI for detail).  

  It should be noted the current mechanistic evidence does per-
mit the possibility of a self-sustaining NiI/NiIII cycle (Figure 2A, 
step [G]) in which NiIIIL(Ar)Br2 5 is not immediately reduced 
at the cathode, but undergoes amine coordination/deprotonation 
to generate the intermediate 6. A similar NiI/NiIII cycle is also 
proposed by Miyake and co-workers in their photochemical 
amination work recently investigated.25 The feasibility of this 
NiI/NiIII pathway was tested by performing the reaction with a 
catalytic amount of electricity (Figure 2B [G]). While 5% yield 
of 10 was obtained after 15 minutes electrolysis/3 hours stirring, 
the current efficiency was merely 27%, which clearly suggests 
that continuous electrolysis is necessary in order to achieve ap-
preciable yields. This apparent inefficiency of NiI/NiIII cycle 
could be explained by the comproportionation of 4 and 5 to gen-
erate stable NiII intermediate 7, considering redox potential of 
Ni(II/I) obtained by SWV (~ -1 V) and calculated reduction po-
tential of 5a (-0.5 V). Therefore, the role of electricity is con-
stant regeneration of the key catalytic species such as 4 and 6 
throughout the duration of the reaction.  

   Collectively, the mechanistic results suggest the ligand/NiII 
ratio should be optimized to afford enhanced reactivity by 
avoiding deleterious Ni0 deposit. Furthermore, the addition of 
appropriate amount of external base would appear to facilitate 
the rate-limiting deprotonation. With these mechanistic nuances 
in mind, we began our forays on expanding the scope of e-ami-
nation. 

 

Optimization 

  Minimal arylation of glutamic acid di-tert-butyl ester (14) was 
observed under our previously reported e-amination conditions 
(Table 1A, conditions A, 0.1 mmol scale), and therefore it was 
selected as a model reaction to validate the insights obtained 
from the above mechanistic study. A slight improvement was 
observed by changing the electrolyte from LiBr to tetra-n-bu-
tylammonium bromide (conditions B). As suggested by the 
UV-Vis spectroscopic study, increasing the ligand/NiII ratio 
from 1/1 to 2/1 was found to be far superior with a greater than 
four-fold increase in yield obtained (conditions C). Although 
increasing the ligand loading further (ligand/NiII  = 3/1, condi-
tions D) seemed to have no effect on the yield, deposition of 
nickel black on the cathode was observed in some cases when 
20 mol% ligand was employed; this 



 

Figure 2. (A) Proposed mechanism; (B) Experimental and computational evidence to support the proposed mechanism; subpanels [A]-[G] 
represent evidence for each elementary step. 
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phenomenon was almost completely suppressed at 30 mol%. 
Therefore, conditions D were chosen as the standard conditions 
for additional optimization with the impact of several reaction 
parameters summarized in Table 1B. As generally observed in 
transition-metal catalyzed coupling reactions, the choice of lig-
and was found to be crucial for the success of this reaction. Af-
ter extensive screening of different ligand architectures (see SI 
for the complete list), the best result was obtained with simple, 
unsubstituted bipyridine (bpy, entry 1). This is fortuitous con-
sidering that the ligand is the most expensive component of this 
amination system. Similar results were also obtained with 
Mebpy (entry 2), whereas more sterically demanding 6,6’-
Mebpy completely shut down the reaction (entry 3), indicating 
that this reaction is rather sensitive to the steric environment 
around the Ni catalyst. Pyridine-oxazoline ligands were found 
to be similarly effective for the of 14 (entry 4), but later were 
found not to be generally applicable. Reduced quantities of 
DBU were found to be deleterious to the reaction (entry 5), in 
good agreement with DFT calculations that the rate-determin-
ing step—displacement of the bromide on the intermediate 7 
with the amine nucleophile—is facilitated by an external base 
(vide supra). Highly polar and aprotic solvents were found to 
be suitable for this reaction (entries 

Table 1. (A) Initial re-optimization of amino acid arylation.; (B) 
Effect of various reaction parameters. These entries were per-
formed in 0.1 mmol scale; (C) Simple preparation of the precatalyst 
Ni(bpy)3Br2 17. 

6-7), as these solvents have ideal characteristics for electro-
chemical synthesis: good solubility of the electrolyte and the 

Ni-catalyst, high dielectric constant required for efficient con-
ductivity, and an appropriate electrochemical window.26 With 
regard to the counterion of the electrolyte, perchlorate and chlo-
ride were slightly less efficient than bromide (entries 8 and 9). 
Concentration of the electrolyte did not have a major impact on 
the reaction despite the apparent voltage difference (entry 10, 
terminal potential 3-4 V for 0.2 M vs 4-6 V for 0.05 M). Finally, 
it was found that Ni(bpy)3Br2 (17),27 a bench-stable and free-
flowing solid with no apparent hygroscopicity, was an ideal 
precatalyst, which improves operational simplicity of this reac-
tion by removing the need for the preparing stock solutions of 
hygroscopic NiBr2•3H2O (entry 11). The preparation of this 
known precatalyst is exceedingly simple as illustrated in Table 
1C and is currently being commercialized (Sigma-Aldrich 
ALD00608). 

 

Scope and Applications of e-Amination 

Encouraged by the successful arylation of glutamic acid ester 
14, the generality of the revised electrochemical C–N bond for-
mation on various amino acid esters was explored (Table 2A). 
Using readily-available amino acid hydrochloride salts as start-
ing materials, various amino acid esters (including non-canoni-
cal amino acids) were arylated efficiently with 4-trifluoro-
methylbromobenzene. Reactions (0.1 mmol scale) were con-
veniently carried out in an undivided cell with a readily-availa-
ble RVC anode and a nickel foam cathode. Yields under the 
previous conditions are shown in parentheses, which highlight 
the drastic improvement afforded under the revised conditions. 
Although there have been multiple precedents for the arylation 
of amino acid esters employing palladium28, and copper cataly-
sis,29 this is the first example of successful C–N bond formation 
on amino acid esters by Ni-catalysis. Of note, the sulfide in 24 
and the indole ring in 26—both of which are commonly consid-
ered to be labile under oxidative conditions—were found to be 
compatible.  

    As an extension of this scope, N-acetyl-4-bromoindole 29 
was chosen (Table 2B) as an emblematic substrate for challeng-
ing C–N coupling.30 Similar systems were reported to require 
large amount of copper salt for traditional Ullmann coupling 
conditions,31 and applications of Buchwald-Hartwig coupling 
was found to be challenging.32 Not surprisingly, our first-gen-
eration conditions for e-amination failed to deliver the desired 
coupling product 31 (entry 1). The optimized conditions docu-
mented herein did in fact afforded 31 in 16% yield (entry 2), 
and ultimately a small screening of electrolyte, amount of base, 
ligands, nickel source (entries 3-7) was required to arrive at a 
workable solution (entry 7, 32%). Based on the conditions in 
entry 7, scale-up of the reaction was attempted with a slight 
change of substrate and electrolyte concentration. Fortunately, 
e-amination performed on a larger scale delivered superior 
yield, presumably due to the higher concentration of the sub-
strate and more appropriate current density (entry 8, 51%). This 
small study demonstrates that like other C–N cross couplings, 
re-adjustment of reaction parameters such as precatalyst, lig-
and, and concentration of the substrate may be necessary for the 
success of certain substrate classes.    
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Table 2. (A) Arylation of amino acid esters in 0.1 mmol  scale. 
a () indicates yield under previous conditions (conditions A). 
(B) Optimization for the coupling of  N-acetyl-4-bromoindole 
29 with valine methyl ester 30.  

In our initial report, a limited substrate scope of heteroaryl ami-
nation was documented.8 Considering that heteroaryl amines 
are essential in medicinal chemistry, a more complete survey of 
this class of molecules was undertaken. N-Boc-piperazine was 
chosen as the amine coupling partner, since: (1) this motif fre-
quently appears in pharmaceuticals, and (2) secondary amines 
are sometimes troublesome coupling partners even with state-
of-the-art palladium catalysis at room temperature.3 As shown 
in Table 3, a wide range of heteroaryl halides deriving from 
quinoline (33, 34), indole (31, 35), benzofuran (36), pyridines 
(37-39), thiophene (40, 41), thiazole (42), pyrimidine (43) and 
azaindazole (44) were successfully coupled with N-Boc-piper-
azine in 0.2 mmol scale under essentially identical conditions 
optimized for amino acid esters. Both aryl bromides and chlo-
rides were found to be competent in this reaction. Most of the 
heterocycles included in this table are privileged scaffolds in 
pharmaceuticals.33 The high functional group tolerance of this 
reaction deserves further comment. For instance, the  

  
Table 3. Amination of heteroaryl halides with N-Boc-piperazine in 
0.2 mmol scale. a () indicates yield under previous conditions (con-
ditions A)  

free anilinic amine in 39 remained untouched. Sulfur-contain-
ing heterocycles afforded the desired coupling products 40-43, 
despite the fact that sulfur is commonly considered to be poi-
sonous to transition-metal catalysts with the C–S bond being 
particularly labile in Ni-catalysis.34  

  To further explore the capability of electrochemical C–N bond 
formation, the reaction was applied to more challenging sub-
strates. Table 4A illustrates C–N bond formation on nucleoside 
analogs in 0.05-0.1 mmol scale. TBS-protected 1-(4-bromo-
phenyl)ribose was successfully coupled with both primary and 
secondary amines. This method enables rapid access to various 
substituted 1-arylribose, which is potentially useful for the 
study of artificial base-pairs to expand the genetic alphabet.35 
Likewise, arylation of 3-amino thymidine was also successful 
without protection on thymine. More interestingly, the powerful 
electrochemical C–N bond formation furnished a unique dinu-
cleoside analog 5oa linked by an aniline moiety, which is a 
highly intriguing linker due to its non-hydrolyzable nature. 

  Another interesting application of this method was found in 
oligopeptide modification (Table 4B). Slight modification to 
the established conditions were made to achieve synthetically 
useful efficiency in 0.05 mmol-scale reactions. Thus, the use of 
a LiBr electrolyte was found to give higher yield than tetra-n-
butylammonium bromide, and DBU was omitted by using an 
excess amine coupling partner to avoid undesired racemization. 
With these modifications, e-amination on pendant 4-bromo-
phenylalanine residues proceeded surprisingly well with only a 
catalytic amount of Ni precatalyst in several cases. Various 
functional groups in canonical amino acids were tolerated in 
protected form, as demonstrated in the products 51-55. More 
strikingly, the unprotected nona-peptide afforded the desired 
amination product 56 in appreciable yield. To the best of our 
knowledge, this is the first example of Ni-catalyzed C–N bond 
formation on oligopeptides, which holds promise for further ap-
plication of such chemistry to biomolecule modifications. This 
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work is a complementary addition to the growing area of tran-
sition-metal mediated oligopeptide functionalization.36  

  As we previously demonstrated in a batch decagram scale re-
action (Table 4C, top), the e-amination is easily scalable. Com-
pound 58 is an important intermediate for the synthesis of vi-
lazodone, a drug recently approved by FDA for the treatment of 
major depressive disorder.37 Previously, 58 was prepared by 
four steps from salicylaldehyde in 26% overall yield,38 though 
a more straightforward synthesis is possible by using Pd-cata-
lyzed amination to form the C–N bond between benzofuran 

fragment and piperidine.39 As an alternative approach, e-amina-
tion of 59 with N-Boc-piperidine was evaluated to prepare a 
closely-related compound 36. After a brief investigation, it was 
found that tetra-n-butylammonium bromide could be replaced 
with inexpensive sodium bromide to further reduce the cost of 
the production. Moreover, the RVC electrode was found to be 
replaceable with an even simpler carbon felt electrode. A 100 g 
scale reaction was successfully carried out by employing a flow 
system with only a small drop in yield (64% in 100 g vs 79% in 
0.2 mmol). Notably, the multi-frame

Table 4. (A) C–N bond formation on nucleosides. a Reaction conditions: 10 mol% Ni(bpy)3Br2, nBu4N•Br (0.2 M), DBU (2.0 equiv.), DMA 
(0.025-0.05 M), (+)RVC/(−)Ni, 4 mA, r.t. in undivided cell. (B) C–N bond formation on oligopeptides. (C) Synthesis of arylomycin analogs. 
(D) Scale-up synthesis of compound 36. 

cell set up used in this scale-up study accommodates various 
reaction scales simply by changing the number of frames (See 

SI for details). This scale-up example clearly illustrates the sim-
plicity and low-cost of scaling up e-amination.  
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Applicability of other nucleophiles and limitations of the e-
amination 

  Finally, the efficiency of the modified conditions (higher ligand 
loading together with the use of DBU as an external base) over the 
first-generation conditions (Conditions A) as well as limitations of 
e-amination in a preparative scale are illustrated in Table 5.  In the 
case of substrates previously described,8 the desired products 60-
68 were obtained in similar or slightly higher yields under the mod-
ified conditions. With regard to the applicability of other types of 
nitrogen nucleophiles, a lactam and ammonia were both found to 
be competent (70, 71). However, e-amination with aniline and sul-
fonamide were not successful due to low nucleophilicity of these 
coupling partners (69, 72). Coupling with oxygen-based nucleo-
phile was also found to be feasible as exemplified in the formation 
of 73-75. Phenol was not a suitable nucleophile likely due to its 
susceptibility toward oxidation (76). In contrast to relatively pre-
dictable reactivity of nucleophiles, the reactivity of the aryl bro-
mides seems to be rather difficult to interpret. Some heteroaryl bro-
mides gave complex mixtures, whereas others were unreactive. It 
implies that multiple mechanistic scenarios could exist in e-amina-
tion, depending on the substrate used. 

Table 5. Comparison to previously-successful substrates and limi-
tations of e-amination in preparative scale. a Data obtained from ref 
8. b 10 equiv. of nucleophile used. c 20 equiv. of water used. 

Oxidative addition, rather than amine coordination/deprtona-
tion might be the possible rate-determining step in some of 
these cases. It also needs to be pointed out that electron-rich aryl 
halides are prone to give lower yields due to slow oxidative ad-
dition or oxidative degradation of the products, although e-ami-
nation smoothly took place on indole (35), benzofuran (36), thi-
ophene (40) and electron-neutral substrates such as nucleoside 
analogs and oligopeptides. 

 

Conclusion 

  The present study commenced with a deep interrogation of the 
mechanism of e-amination in order to demystify the nature of 
the catalytic cycle and aid in the elucidation of more general 
and robust conditions. By applying a range of techniques, from 
empirical optimizations to DFT calculations and kinetic studies, 
a second-generation set of conditions was invented using a sim-
ple Ni-precatalyst. The scope of e-amination was significantly 
expanded and supplemented with multiple applications. The use 
of e-amination is not limited to small scale applications and 
simple setups for both batch and flow scale up are delineated. 
Finally, this unique method for C–N bond formation has been 
field tested in multiple programs within the labs of our indus-
trial collaborators. The mainstream adoption of electrochemis-
try in areas like medicinal chemistry has been stymied by a lack 
of standardized equipment and reaction classes that are relevant 
to drug discovery. It is anticipated that the current work will be 
an important step in accelerating the adoption of this useful 
means of controlling redox states in organic synthesis. 
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