
Catalysis
Science &
Technology

PAPER

Cite this: DOI: 10.1039/d6cy00473c

Received 11th April 2026,
Accepted 15th May 2026

DOI: 10.1039/d6cy00473c

rsc.li/catalysis

Mild and efficient coupling reactions enabled by
in situ electrolytically generated Cu(I) cation
catalyst in nanoelectrospray
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Copper (Cu) catalysis merged with electrochemistry offers efficient transformations under mild conditions,

yet in situ generation of active Cu species remains challenging. Here, we introduce a novel source of

catalytically active Cu(I) cations that operates without strong additives, oxidants, high concentrations of Cu

salts, bases, or elevated temperatures. These Cu(I) species are integrated into a nanoelectrospray ionization

(nanoESI)-based electrocatalytic platform, in which a Cu wire replaces the conventional inert electrode.

Under applied voltage, anodic corrosion releases Cu(I) directly into the reaction solution inside the emitter,

providing (i) in situ generation of active Cu cations, (ii) electrocatalysis under additive-free mild conditions,

and (iii) online reaction monitoring by high-resolution mass spectrometry (MS). The Cu electrode serves a

dual role: as a sacrificial anode supplying Cu(I) without competing counteranions, enhancing reaction

efficiency and minimizing MS signal suppression, and as a voltage source generating a stable electrospray

for real-time analysis. Using this platform, we demonstrate efficient Cu-catalyzed (i) C–H amination of

arenes, (ii) intermolecular N–N homocoupling of o-phenylenediamine, and (iii) intramolecular

dehydrogenative N–N coupling of anthranilamide. The scalability of the electrochemical microreactor

concept was demonstrated through the successful translation of the in situ Cu-catalyzed electrochemical

C–H amination to a bulk electrochemical cell. This synergistic approach enables rapid reaction screening,

discovery of mild conditions, and continuous capture of transient intermediates, providing novel

mechanistic insight and advancing sustainable Cu electrocatalysis.

Introduction

Copper (Cu) catalysis has long been a cornerstone of synthetic
chemistry, providing a cost-effective and earth-abundant
alternative to noble transition metals. The versatility of
copper, spanning oxidation states from 0 to +3, enables
access to both single- and two-electron processes,1,2 which
underpin its success in diverse bond-forming reactions.
In particular, Cu-catalyzed C–N and N–N coupling
reactions are of great significance due to the ubiquity of
nitrogen-containing motifs in natural products,
pharmaceuticals, and functional materials.3–5 Traditional
approaches to Cu catalysis, however, typically rely on
preformed complexes,6 nanoparticles,7 or Cu salts paired
with ligands and additives.8 These strategies, while
powerful, often require harsh conditions, suffer from
limited atom economy, and generate waste from ancillary

reagents, highlighting the need for more sustainable
catalytic platforms.9,10

Electrochemistry (EC) offers a sustainable alternative by
replacing stoichiometric oxidants and reductants with
electricity, thereby reducing by-product formation and
improving atom economy.11,12 Coupling novel EC techniques
with mass spectrometric (MS) analysis, such as miniaturized
three-electrode EC apparatus,13 nanoelectrospray,14

desorption electrospray,15 nano-desorption spray,16

neutral-reionization,17 droplet spray,18 plasma
microdroplet fusion,19 and microelectrochemical cell
nanospray emitter,20 has enabled the capturing of fleeting key
intermediates for a better understanding of electrosynthetic
pathways and has significantly contributed to designing
environmentally friendly synthetic applications.21,22

The merger of electrocatalysis with transition-metal
catalysis has proven to be a further powerful approach,
enabling selective and efficient transformations under mild
conditions.11,23–33 In this context, the in situ generation of
catalytically active cationic metal species has emerged as a
particularly attractive strategy. Our group first demonstrated
this concept for palladium: using nanoelectrospray ionization
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(nanoESI) as a controlled-current electrolytic (CCE)
microreactor, the anodic corrosion of a Pd electrode
produced cationic Pd species in situ, enabling mild and rapid
C–C coupling and C–H arylation reactions.27,34

More broadly, electrospray ionization (ESI) functions as a
CCE flow cell,35–38 allowing electric current to serve as a
“traceless” redox reagent that replaces traditional chemical
oxidants and reductants.39,40 In nanoESI, a wire-in-a-capillary
bulk-loaded nanoESI emitter41 is used, in which the
embedded electrode acts as either an anode or a cathode in
positive or negative ion modes, respectively.38,42–44

The palladium electrocatalytic platform developed by our
lab further leveraged online mass spectrometry detection,
facilitating real-time mechanistic studies at the picomole
scale. The superior catalytic efficiency of anodically generated
cationic Pd catalyst was further harnessed in scaled-up C–H
arylation to achieve late-stage functionalization of drug
molecules, confirming that the new electrochemical pathways
discovered by nanoESI-MS can be translated to scalable
electrosynthetic conditions.

Electrochemically generated metal ions have previously
been studied to probe metal–ligand complexes,41,45–47 the
behavior of transition metal salts in electrospray,48 and the
formation of nanoparticles43,49 or multi-metal 3D
nanostructures.50 However, in situ anodic formation of metal
ions in ESI for simultaneous catalysis of chemical reactions
remains rare.

Despite the central role of copper in catalysis, no
analogous in situ Cu electrocatalytic systems have yet been
developed. Existing methods for generating active Cu species
rely on the reduction of Cu(II) or oxidation of Cu(0) in
coordinating environments,51 Cu–NHC complexes,52 weakly
coordinating anions,6 or nanoparticles.7 Although Cu salts
have been integrated with ionization methods such as
ESI53–55 or DESI,56 these systems have been primarily used to
investigate Cu-catalyzed reaction mechanisms. However,
none of these approaches electrolytically generated Cu
cations in situ or demonstrated their catalytic activity.

In this work, we establish a novel Cu electrocatalytic
platform based on nanoESI. By replacing the conventional
inert nanoESI Pt electrode with a Cu wire, anodic corrosion
under applied voltage releases catalytically active Cu(I)
species directly into the reaction solution inside the emitter.
This single-step setup unites (i) in situ generation of active
Cu cations, (ii) electrocatalysis under mild conditions without
extraneous ligands or additives, and (iii) online reaction
monitoring by high-resolution MS.

In this setup (Fig. 1), the Cu electrode serves a dual role: it
acts as a sacrificial anode that supplies catalytically active Cu
cations without introducing competing counteranions or
ligands, thereby improving reaction efficiency and minimizing
signal suppression in MS analysis,27,57,58 and simultaneously
provides the voltage required to exceed the Rayleigh limit and
generate a stable electrospray for online monitoring. Using this
platform, we demonstrate efficient Cu-catalyzed (i) C–H
amination of arenes, (ii) intermolecular N–N homocoupling of

o-phenylenediamine, and (iii) intramolecular dehydrogenative
N–N coupling of anthranilamide. Collectively, this synergistic
approach advances sustainable Cu electrocatalysis while
enabling rapid reaction discovery and mechanistic insight on
the microscale.

Results and discussion
In situ electrolytic generation of copper cations in nanoESI

We initiated probing the electrochemical generation of
copper cations under nanoelectrospray conditions by
examining the anodic corrosion of a copper wire electrode in
a single-barrel nanoESI emitter. Upon applying a spray
voltage of 2.0–2.5 kV, both electrochemical oxidation of the
copper electrode and electrospray ionization were initiated
simultaneously (Fig. S1). The threshold voltage required to
generate Cu cations capable of coordinating ligands in
solution and forming detectable Cu–ligand complexes was
found to be approximately 0.02 kV (Fig. S2).

To determine the oxidation states of the anodically
generated Cu species, nitrogen-containing ligands, including
acetonitrile (ACN), 2-picolylamine (PA), 1,10-phenanthroline
(1,10-Phen), and pyridine (Py), were introduced into the
nanoESI emitter containing the copper electrode. Under
these conditions, Cu(I) was identified as the predominant
oxidation state for ligands such as ACN and Py, forming
stable Cu(I)–ligand complexes readily detected by MS. In
ACN, the major Cu(I) species included [Cu(I)(H2O)]

+ (m/z
81.08), [Cu(I)(ACN)]+ (m/z 104.08), [Cu(I)(H2O)(ACN)]

+ (m/z
122.00), and [Cu(I)(ACN)2]

+ (m/z 144.92) (Fig. 2d). In mixed
Py/ACN solutions, these complexes were accompanied by
[Cu(I)(Py)]+ (m/z 141.97), [Cu(I)(Py)(ACN)]+ (m/z 183.00), and
[Cu(I)(Py)2]

+ (m/z 221.01) (Fig. 2c).
Both Cu(I) and Cu(II) species were observed when

stronger chelating ligands, such as 1,10-Phen and PA,
were used (Fig. 2). In 1,10-Phen, electrolysis produced
[Cu(II)(1,10-Phen)2]

2+ (m/z 211.58), [Cu(I)(1,10-Phen)]+ (m/z
243.00), [Cu(I)(1,10-Phen)(H2O)]

+ (m/z 261.00), and [Cu(I)

Fig. 1 Schematic of the nanoESI-based transition metal (TM)
electrocatalytic microreactor for Cu-catalyzed C–N and N–N coupling.
Catalytically active Cu(I) cations are generated in situ via anodic
corrosion of a Cu wire in the nanoESI emitter. The same Cu electrode
also generates a stable electrospray under applied voltage, transferring
the reaction mixture to the mass spectrometer for online reaction
screening and mechanistic analysis.

Catalysis Science & TechnologyPaper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
M

ai
 2

02
6.

 D
ow

nl
oa

de
d 

on
 0

4.
06

.2
02

6 
19

:1
6:

46
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6cy00473c


Catal. Sci. Technol.This journal is © The Royal Society of Chemistry 2026

(1,10-Phen)2]
+ (m/z 423.17) (Fig. 2a). Similarly, in PA, the

observed complexes included [Cu(II)(PA)2]
2+ (m/z 139.50),

[Cu(I)(PA)]+ (m/z 171.00), and [Cu(I)(PA)(H2O)]
+ (m/z

189.00) (Fig. 2b).
To further confirm the redox behavior, we compared these

spectra to those obtained from electrospraying a Cu(II)Cl2
solution (50 μM in ACN) using a platinum electrode. The
resulting mass spectrum was identical to that produced from
Cu electrode corrosion in ACN (Fig. 2e), indicating that Cu(II)
ions are reduced to Cu(I) during the ESI process. Isotopic
distribution patterns and tandem MS analyses (Fig. S3–S6)
confirmed the identities and oxidation states of these Cu
complexes. This gas-phase reduction likely arises from charge
transfer and ligand desolvation events occurring within the
spray plume.44,48,59 This observation suggests the high
preference of the nanoelectrospray environment for
catalytically active Cu(I) species (see more discussion in S3).

These results demonstrate that anodic corrosion of copper
in nanoESI can instantaneously produce both Cu(I) and Cu(II)
cations without requiring strong acids or external oxidants.
The resulting ions are stabilized by nitrogen-donor ligands,
consistent with the Lewis acidic character of Cu(I)/Cu(II) as
described by the HSAB principle.49 This work emphasizes on
Cu(I) as a major Cu-cationic species and primary catalytic
contributor of all reactions. This is because, as observed in
this study and reported in previous studies of anodic
corrosion of Cu in nanoelectrospray settings, the presence
and dominance of Cu(I) cations is a result of the
comproportionation reaction. Cu(I) ions electrogenerated

under these conditions can react directly with ligands.60

This simple yet powerful platform captures the versatile
redox chemistry of copper, capable of engaging in both
one- and two-electron processes directly within the
nanoESI environment.

Catalytic property of in situ electrolytically generated Cu(I)
cations in nanoESI

Mild and efficient copper-catalyzed online electrochemical
C–H amination. Cu(I) is known to have highly reactive and
catalytic activity.43,61–63 We next investigated whether the in
situ anodically generated Cu(I) cations in nanoESI could have
catalytic activity using the significant C–H amination of
arene. The universality of N-containing motifs in
pharmaceutical and natural products makes the development
of efficient C–N coupling strategies indispensable. However,
the strong nucleophilic nature of the parent amine poses a
great challenge in achieving C–N coupling. C–H amination
without C–H prefunctionalization thus often requires harsh
reaction conditions.10 Recent studies have reported an
increasing demand in getting mechanistic insight into the
catalytic C–H amination to aid in the discovery of practical
and more environmentally benign conditions at room
temperature to achieve the reaction.64,65 Herein, we report
accelerated and efficient C–H amination of arene at room
temperature, catalyzed by in situ electrolyzed Cu(I) cations in
nanoelectrospray, within 15 minutes of reaction initiation.

The electrochemical copper catalytic microreactor (orifice
∼40 μm) was utilized to study the efficient C–H amination of
non-pre-functionalized N-phenylpicolinamide (1, 250 μM)
with morpholine (2, 4 equiv), utilizing potassium pivalate
(KOPiv, 2 equiv), and tetra-n-butylammonium iodide (TBAI,
50 mol%) as the redox mediator in ACN solvent at room
temperature (Fig. 3 and S7–S9). The Cu cations generated at
a voltage application of 2.2–2.5 kV were utilized as the Cu
catalyst. The electrochemical Cu-catalysis microreactor forms
the C–N coupled product 3, detected as [3 + H]+ (m/z 284.14),
[3 + Na]+ (m/z 306.12), [3 + K]+ (m/z 322.09), and [Cu(I)(3-H) +
H]+ (m/z 346.06), after only 15 minutes, under mild reaction
conditions and room temperature (Fig. 3f) (compared to bulk
reaction requiring 24 hours).65 The starting materials are
seen as their protonated forms [1 + H]+ at m/z 199.08 and
[2 + H]+ at m/z 88.07 (Fig. 3a). The limiting reagent [1 + H]+

at m/z 199.08 disappears from the mass spectrum after 20
minutes (Fig. 3b), indicating its full consumption to form
the Cu-mediated intermediates and C–N coupled product
(see below).

Mechanistic insight into copper-catalyzed electrochemical
C–H amination. The coupling of the nanoESI-based
electrochemical transition metal microreactor with MS
facilitates the study of the reaction mechanism by the
detection and capturing of transient intermediates even at
their low concentrations. Cu-catalyzed electrochemical C–H
amination has been previously proposed to proceed through
a Cu(II)/Cu(III) catalytic cycle involving single-electron transfer

Fig. 2 Electrolysis of Cu electrode in nanoESI-MS (voltage: ∼2.0 kV)
to detect the stable Cu oxidation state in Cu-adducted ligands
generated by anodic corrosion of Cu wire: (a) 1,10-phenanthroline in
methanol solvent, (b) 2-picolylamine in methanol solvent, (c) pyridine
in acetonitrile, (d) acetonitrile, and (e) Pt electrode in acetonitrile with
Cu(II)Cl2 as the source of Cu cations.
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(SET),3,65,66 including MS capture of fleeting intermediates,
proposing the possibilities of two reductive elimination
pathways, Cu(III)/Cu(I) and Cu(II)/Cu(0), responsible for
driving the reaction.54 Notably, we were able to capture
multiple key intermediates, [Cu(I)(1-H) + H]+ I1 at m/z 261.01,
[Cu(II)(1-H) + H]2+OPiv− I2 at m/z 362.06, [Cu(II)(1-H)(2)]2+OPiv−

I3 at m/z 347.07, [Cu(III)(1-H)(2)]3+I−OPiv− I4 at m/z 448.13, and
[Cu(I)(3-H)]+ at m/z 346.06 (Fig. 3c–f). The intermediates were
detected in the positive ion mode of nanoESI-MS, carrying a
single positive charge either due to an additional proton or
charge on the Cu-cation.

From tracking the concentrations through extracted ion
chromatogram (XIC), intermediates I1 (m/z 261.01), I2 (m/z
362.06), I3 (m/z 347.07), and I4 (m/z 448.13), start to form
around 2 minutes and show increased stabilized intensity
around 4 to 6 minutes; their concentration gradually
decreases from 15 to 30 minutes. The C–N coupled
intermediate bound to Cu(I) (m/z 346.06) starts to form
around 5 minutes (detectable in MS at 10 minutes) and show
increasing concentration along with the dominating product

peaks [3 + Na]+ (m/z 306.12) and [3 + K]+ (m/z 322.09) over
time from 15 to 30 minutes (Fig. S11). The intermediates
were detected in the positive ion mode, catalyzed by Cu
generated in situ by anodic corrosion. The intermediates were
identified based on Cu isotopic distribution, XIC, and
tandem MS (Fig. S12–S14).

Based on the experimental results, a plausible mechanism
is proposed in Scheme 1. The reaction is initiated by the
electrolysis of Cu(0) electrode in nanoESI, forming Cu(I) that
reacts with 1 to form the Cu(I)-intermediate I1 (M + H at m/z
261.01), followed by the oxidation of Cu(I) and addition of
pivalate to form the Cu(II)-intermediate I2 (M + H at m/z
362.06). I2 coordinates with 2, yielding Cu(II)-intermediate I3
(M-OPiv at m/z 347.07). Further, the oxidation of Cu(II)
forms a highly valent Cu(III) intermediate I4 (M-I at m/z
448.13) likely via oxidation by the iodine radical (Fig. S18).
Cu(III)-species I4 undergoes SET to form Cu(II)-species I5,
which is followed by intramolecular amine transfer and
another SET to generate intermediate I6 (M + H at m/z
346.06). Alternatively, we cannot completely rule out that I4
may undergo ligand exchange in which the iodide is
replaced by morpholine via HI loss, then followed by
SET and intramolecular amine transfer to afford
intermediate I6. I6 then releases the C–N coupled
product 3 observed as [3 + H]+ (m/z 284.14), [3 + Na]+

(m/z 306.12), and [3 + K]+ (m/z 322.09), and regenerates
a Cu(I) species.

The corresponding bulk reaction was performed in an
undivided cell with the same reaction conditions as the
online C–H amination reaction, but utilizing the traditional
Cu catalyst, 10 mol% copper triflate (Cu(OTf)2) (Fig. S15–S17).

Fig. 3 C–H amination of N-phenylpicolinamide with morpholine in an
electrochemical Cu catalytic microreactor at room temperature. Each
spectrum represents the starting materials, intermediate, and products
observed in the full MS at different time points: (a) starting materials,
N-phenylpicolinamide (1) and morpholine (2) at time = 0 min; (b) the
starting materials at time = 20 min, the limiting reagent 1 cannot be
seen in the mass spectrum; (c) Cu(I) and Cu(II) intermediates I1 and I2
observed to form at time = 2 min; (d) Cu(II)-intermediate I3 and
Cu(III)-intermediate I4 observed at time = 6 min; (e) Cu(I) C–N coupled
intermediate I6 observed at t = 10 min; (f) product peaks, protonated
[3 + H]+, sodiated [3 + Na]+, and potassiated [3 + K]+ seen at time =
15 min.

Scheme 1 Plausible catalytic cycle of Cu-catalyzed electrochemical
C–H amination of N-phenylpicolinamide (1) with morpholine (2)
supported by observed key Cu-intermediates in positive ion mode
MS detection.
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The product formation concentration was tracked over time
and compared with the online C–H amination reaction
catalyzed by the in situ electrolyzed Cu(I) cation. Comparing
the reaction efficiency utilizing the conversion ratio of the
limiting reagent transformed into intermediates and product,
at 15 minutes, the in situ electrolyzed Cu catalyst achieved a
∼99% conversion versus ∼42% when catalyzed by a
traditional Cu catalyst in bulk synthesis. The apparent
acceleration factor, AAF (the intensity ratio of products and
intermediates over reactants in the online microreactor
versus bulk using the traditional Cu catalyst at the same
reaction time),67–70 was calculated to be ∼314 (102 fold),
which demonstrated the accelerated reaction utilizing the
novel and efficient source of the in situ electrolytically
generated Cu(I) catalyst in the online microreactor (Tables
S1 and S2, eqn S1–S3).

Thus, the Cu-catalyzed electrochemical microreactor
achieved accelerated C–H amination of arene at room
temperature, serving as a highly efficient source of the Cu
catalyst and as a reaction screening platform. Additionally,
the microreactor enabled real-time capture of transient
intermediates and products without signal suppression,
providing mechanistic insight within just 15 minutes of
reaction initiation.

Mild and efficient copper-catalyzed online electrochemical
N–N homocoupling of o-phenylenediamine to form
N-substituted benzotriazole. Excited by the result from C–H
amination of arene, we next implemented the nanoESI-based
Cu-catalyzed electrochemical microreactor to screen
online electrochemical N–N coupling and aromatization
of o-phenylenediamine to form a highly in-demand
molecular moiety, benzotriazole.71–73 Owing to the
versatile use of N-substituted benzotriazoles in polymer
materials, inhibitors, pesticides, and medicinal chemistry,
there has been a vigorous development of their synthetic
methods with special focus on eliminating harsh reaction
conditions.74,75 Herein, we report accelerated (4 minutes)
N–N coupling and cyclization of o-phenylenediamine (4),
under mild Cu-catalyzed electrochemical reaction conditions
without base or oxidants, and at room temperature (previous
conditions reporting use of strong base/high temperature),74

yielding the significant benzotriazole moiety (Fig. 4).
The electrochemical-catalytic microreactor was utilized to

study the efficient N–N intermolecular homocoupling and
cyclization of o-phenylenediamine (4, 50 μM) in methanol
solvent, catalyzed by in situ electrolytically generated
Cu cations generated at a voltage of 2.5 kV in
nanoESI. The activation of the highly nucleophilic
amine group of the starting material 4 (m/z 109.08) by
in situ generated Cu (Fig. 4a), led to the N–N
dimerization, cyclization, and aromatization to yield the
product, 2-(2H-benzotriazol-2-yl)benzenamine 5 (m/z 211.10)
seen in full MS within 4 minutes of reaction initiation
(Fig. 4c).

Mechanistic insight into copper-catalyzed electrochemical
N–N homocoupling of o-phenylenediamine. Cu catalyzed

N–N dimerization has been previously proposed to navigate
through Cu-mediated amine radical intermediates; however,
a detailed understanding of the underlying mechanism
remains limited.74,76–79 Coupling of the nanoESI-based
electrochemical transition metal microreactor with MS led to
the unique capturing and detection of multiple fleeting
intermediates, even at low concentrations, such as the Cu-
complex intermediate [Cu(I)(4)]+ II1 at m/z 170.99 (Fig. 4b),
the dimerized intermediate [II5-Cu(I) + H]+ (m/z 215.13),
cyclized intermediate II8 (m/z 213.11) (Fig. 4c). The full MS
spectrum was dominated by the Cu-complex intermediates
[Cu(I)(4)2]

+ II2 at m/z 279.06, [Cu(II)(4-2H) + H]+ II3 at m/z
278.06, [Cu(I)(42)]

+ II5 at m/z 277.05, and [Cu(II)(42-2H)]˙+ II7 at
m/z 275.03 (Fig. 4d). The product 5 at m/z 211.10 was
seen to be formed after 4 minutes of reaction initiation.
This provided the unique opportunity to capture, analyse,
and trace the intensity of every intermediate, giving
mechanistic insight.

From tracking the concentrations through XIC, initial
intermediate II1 at m/z 170.99 forms within a few seconds of
voltage application and decreases after 4 minutes.
Intermediates II2 (m/z 279.06), II3 (m/z 278.06), and II5 (m/z
277.05) form at 2 minutes and start to decrease at 4 minutes.
At 4 minutes, the concentration of the intermediate II7 (m/z
275.03), and of product 5 (m/z 211.10) shows increasing
concentration over time (Fig. S19). The structures were

Fig. 4 N–N coupling of o-phenylenediamine (OPD) 4 to form
2-(2H-benzotriazol-2-yl)benzenamine 5 in the electrochemical Cu
catalytic microreactor under mild reaction conditions and room
temperature. Each spectrum represents the starting material,
different intermediates, and products observed in the full MS over
reaction time of 0 to 4 minutes: (a) mass spectrum showing the
starting material 4 and radical 4˙+; (b) Cu(I)-mediated intermediate II1,
Cu(I) and Cu(II) radical complexes [Cu(I)(4-H)]˙+ and [Cu(II)(4-2H)]˙+; (c)
N–N dimerized intermediate [II5-Cu(I) + H]+, cyclized intermediate II8,
and substituted benzotriazole product 5 formed in the nanoESI-based
Cu-electrocatalytic microreactor; (d) Cu-mediated intermediate
complexes II2–II7.
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identified based on Cu isotopic distribution, high-resolution
MS, and tandem MS (Fig. S20–S23, Table S3).

Based on the experimental results, a plausible mechanism
is proposed in Scheme 2. The reaction is proposed to proceed
through a series of redox-active Cu-complex intermediates.

Cu(0) undergoes anodic corrosion to form Cu(I) upon the
application of voltage. Coordination of Cu(I) cation to one
and two molecules of substrate 4 yields intermediate II1 (m/z
170.99) and the bis ligated Cu-complex intermediate II2 (m/z
279.06), respectively. Oxidative addition of the adducted
amine groups to the Cu metallic center results in the
Cu(II)-intermediate complex II3 (m/z 278.06). Cu-assisted
N–H activation and SET is proposed to produce the
Cu(II)-amine radical intermediate II4. Cu-mediated N–N
coupling yields the dimerized intermediate II5 (m/z
277.05). A subsequent set of oxidative step generates
the Cu(II)-complex II6, triggering SET at the remaining
ortho-amine to form an N-centered radical II7 (m/z
275.03). Finally, 5 (m/z 211.10) is yielded from II7 from
reductive elimination of Cu assisting N–N coupling,
cyclization (II8, m/z 213.11), and aromatization. Radical
trapping with 4 equivalents of (2,2,6,6-tetramethylpiperidin-1-
yl)oxyl (TEMPO), resulted in negligible intermediates or no
observation of product, confirming involvement of
Cu-mediated redox active amine radical intermediates
playing a key role in reaction progression (Fig. S25).

N–N homocoupling of o-phenylenediamine to form
N-substituted benzotriazole catalyzed by in situ electrolyzed
Cu cations in nanoESI was compared to the reaction
catalyzed by a Cu(II)Cl2 salt (60μmM) in nanoESI. The Cu-salt
catalyzed spectrum generated an unstable signal (Fig. S24).
For the Cu(II)Cl2 catalyzed reaction, no radical Cu-mediated
intermediates were observed with a conversion ratio of
only ∼11% achieved in 3 minutes, compared to ∼64%
when catalyzed by the in situ electrolyzed Cu catalyst, and
a resulting AAF of ∼15 (10 fold) (Fig. S25 and Tables S4
and S5).

Thus, with the application of the Cu-catalyzed
electrochemical microreactor, online, fast and efficient N–N

homocoupling of o-phenylenediamine was achieved in a
novel metal-electrocatalytic system at room temperature
without the use of any base.74 This enabled the unique
capture of intermediates and products without signal
suppression and gave detailed mechanistic insight within
just 4 minutes of the reaction initiation.

Mild and efficient copper-catalyzed online electrochemical
dehydrogenative intramolecular N–N coupling of
anthranilamide to form 3-indazolinone. With the
achievement of N–N homocoupling of o-phenylenediamine,
we were further motivated to test the N–N bond formation
via the activation of the N–H bond of amides in the copper
electrochemical microreactor. Recent synthetic efforts have
seen an increasing focus on dehydrogenative catalytic
methods to optimize the reaction conditions and alleviate
the harsh conditions for the synthesis of the essential
N-containing heterocycles.80 However, activation of the inert
N–H bond of amides still remains challenging and demands
further exploration.81–85 Herein, we report the
dehydrogenative N–N coupling of anthranilamide to facilitate
the facile construction of 3-indazolinone under mild reaction
conditions (room temperature, in the absence of an oxidant),
with the unique observation of key intermediates providing
mechanistic insight.

The electrochemical Cu-catalytic microreactor was utilized
to study the dehydrogenative intramolecular N–N coupling of
anthranilamide (6, 200 μM) in methanol/water (1 : 1 v/v)

Scheme 2 Plausible reaction mechanism of Cu and electrolytically
catalysed N–N coupling of o-phenylenediamine (4) to form 2-(2H-
benzotriazol-2-yl)benzenamine (5) supported by observed key
intermediates.

Fig. 5 Dehydrogenative intramolecular N–N bond formation of
anthranilamide 6 to form 3-indazolinone 7 in an electrochemical Cu
catalytic microreactor under mild reaction conditions, no oxidants, and
at room temperature. Mass spectra showing (a) the starting material 6
and radical intermediate III1 at t = 0.5 min, (b) product 3-indazolinone
7 formed at t = 1 min, and (c) Cu(I)-intermediate III2 and Cu(I)-amine
radical intermediate III4, and (d) XIC showing intensity of starting
material 6 decreasing and product 7 increasing over a reaction time
period of 7 minutes.
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solvent, catalyzed by in situ electrolytically generated Cu
cations generated at a voltage of 3.0–3.2 kV in nanoESI at
room temperature without an oxidant (Fig. 5).

On application of voltage, the dehydrogenative
intramolecular N–N coupled product, 3-indazolinone, 7, was
detected as [7 + H]+ at m/z 135.05, in the full MS within 1
minute of the initiation of the reaction (Fig. 5a–c). The
starting material, anthranilamide, 6 (m/z 137.07) initially seen
as a dominant peak (Fig. 5a), gradually decreases with time
(Fig. 5b). Tracking the intensities of 6 (m/z 137.07) and 7 (m/z
135.05) over time supports the observation of decreasing
starting material intensity and increasing N–N coupled
product intensity, as depicted in the XIC over a reaction
period of 7 minutes under mild reaction conditions (without
the use of oxidants and high temperature) (Fig. 5d).

Mechanistic insight into copper-catalyzed online
electrochemical dehydrogenative intramolecular N–N
coupling of anthranilamide. The dehydrogenative N–N
coupling has been previously proposed to proceed via the
Cu-catalyzed SET process and formation of a radical cation
intermediate. However, the detailed SET process in the
presence of the Cu catalyst is still unclear.81 Our Cu
electrocatalytic microreactor coupled with MS detection
confirmed the mechanism by allowing the capture and
characterization of unique and transient intermediates,
adding detailed mechanistic insight (Fig. 5a–c). The key
intermediate was found to be the radical intermediate 6˙+

III1 at m/z 136.06, observed at 0.5 min, Cu(I)-adducted
intermediate [Cu(I)(6)]+ III2 at m/z 198.99 and Cu(I)-amine
radical intermediate [Cu(I)(6-H)]˙+ III4 at m/z 197.98,
observed at 1 min after reaction initiation.

As observed from tracking intensities from the XIC, the
concentration of starting material 6 (m/z 137.07) remains
constant over the period of 2 minutes of reaction time. The
radical intermediate III1 (m/z 136.06) and the Cu(I)-adducted
intermediate [Cu(I)(6)]+ III2 at m/z 198.99 initiate to form at
0.2 min, followed by the Cu(I)-amine radical intermediate
[Cu(I)(6-H)]˙+ III4 at m/z 197.98 at 0.3 min. The intensity of

the product 7 at m/z 135.05 indicates it is slowly forming,
with increasing intensity over the reaction time, and it
dominates the starting material at m/z 137.07 at 1 minute
(Fig. S26). The intermediates were identified based on Cu
isotopic distribution, high-resolution MS, and tandem MS
(Fig. S27 and S28, Table S6).

Based on the experimental results, a plausible mechanism
is proposed in Scheme 3. Upon application of voltage, the
starting material undergoes anodic oxidation to form radical
intermediate III1 (m/z 136.06), which, followed by SET, forms
the Cu(I)-intermediate III2 (m/z 198.99). Dehydrogenative
coupling to Cu(I) followed by anodic oxidation generates the
Cu(I) amine radical intermediate III4 (m/z 197.98). A
subsequent SET and dehydrogenative coupling results in the
Cu(II)-intermediate III5, which, upon reductive elimination,
yields the product 7 (m/z 135.05).

To confirm the radical-mediated pathway as the key
contributor to the dehydrogenative intramolecular N–N
coupling progression, the reaction was repeated in the
presence of 3.5 equivalents of TEMPO to ensure sufficient
radical capture (Fig. S29). In the presence of TEMPO, very
little radical intermediate III1 (m/z 136.06) and III4 (m/z
197.98), and no product peak were observed after 1–3 min of
3 kV voltage application to the Cu electrode, confirming the
key role of the radical intermediate. To further understand
the role of the Cu catalyst, the reaction was repeated in the
presence of a Pt inert electrode (3–3.5 kV). After 3 min of
voltage application, no radical intermediate or product peaks
were observed, strengthening the role of the Cu catalyst in
initiating the radical mechanistic pathway coupled with the
Cu-oxidative cycle to achieve the efficient N–N coupled
product formation, yielding 3-indazolinone, 7, from
anthranilamide, 6, under mild reaction conditions. (Fig. S29
and S30).

Thus, with the application of the Cu-catalyzed
electrochemical microreactor, online and fast
dehydrogenative intramolecular N–N coupling was achieved
in a novel Cu-electrocatalytic system at room temperature
without the use of any oxidant.81 This enabled us to capture
intermediates and products without signal suppression,
providing rapid and unique mechanistic insight within 1
minute of the reaction initiation.

Scale-up of in situ Cu-catalyzed electrochemical C–H
amination in an electrochemical cell. To demonstrate the
feasibility of transferring the in situ generated Cu
electrocatalyst system from nanoelectrospray to conventional
bulk electrosynthesis, the scale-up of C–H amination of
N-phenylpicolinamide 1 (0.4 mmol) with morpholine 2 (4 eq.)
was performed with potassium pivalate (KOPiv, 2 equiv), and
tetra-n-butylammonium iodide (TBAI, 50 mol%) in 4 ml ACN
solvent at room temperature in an undivided cell with the Cu
anode and Pt foil cathode. Cu anodic corrosion at a constant
current of 10 mA was utilized to generate the in situ Cu
catalyst within the electrochemical cell. The C–H aminated
product 3 was obtained after 24 hours post purification in
45% yield. The product was characterized by 1H NMR, 13C

Scheme 3 Plausible reaction mechanism of Cu and electrolytically
catalyzed dehydrogenative intramolecular N–N coupling of
anthranilamide (6) to form 3-indazolinone (7) supported by observed
key intermediates.
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NMR, and HRMS (Fig. S32–S34). This scale-up experiment
demonstrates that mechanistic and reactivity observations
from the nanoESI platform can be successfully translated to
bulk electrosynthesis, highlighting its value for rapid
discovery of mild Cu-catalyzed electrochemical reactions.

Conclusions

In summary, we report a novel source of catalytically active
Cu(I) cations and an electrochemical Cu-catalytic
microreactor that can serve as a powerful platform for
reaction screening and discovery of Cu-electrocatalytic
reactions. Utilizing this novel platform, Cu-catalyzed
electrochemical C–H amination of arene, N–N homocoupling
and cyclization of phenyl diamine, and dehydrogenative N–N
intramolecular coupling of amide were achieved in the
absence of oxidants and additives, and at room temperature.
The coupling of the electrochemical Cu microreactor with MS
facilitated the real-time capturing of novel and transient
intermediates, providing mechanistic insight within a few
minutes of the reaction initiation. Possible catalytic cycles
were proposed based on the observation of key intermediates.
Furthermore, when compared with bulk electrosynthesis and
with the nanoESI-based Cu catalytic microreactor utilizing
traditional Cu salt as the catalyst, this platform achieved
faster C–H amination and N–N homocoupling with an
apparent acceleration factor of ∼102-fold and ∼10-fold,
respectively, indicating the higher efficacy of the in situ
electrolytically generated Cu(I) catalyst in the online
microreactor. Further, the feasibility of transferring the in situ
generated Cu electrocatalyst system from nanoelectrospray to
bulk electrosynthesis was shown by the successful C–H
amination in an undivided electrochemical cell. This
approach enables novel Cu(I)-catalyzed electrocatalytic
transformations, providing rapid mechanistic insights and
thereby has the potential to significantly advance the field of
transition metal electrocatalysis.
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