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Herein, we report a manganaelectrooxidative nitrogen atom inser-
tion, supported by mechanistic studies, exhibiting broad functional
group tolerance.

In recent years, skeletal editing has emerged as a groundbreaking
platform in molecular engineering," and significant progress has
been clearly witnessed.” Indeed, this innovative synthetic toolbox
enables chemists to achieve a highly streamlined synthetic process
when late-stage reconstruction of molecular frameworks is
required.> Within the realm of skeletal editing, nitrogen insertion
has been generally realized by the oxidation-induced C—C bond
cleavage. Following key early examples in the 20th century,” recent
contributions by Morandi,” Levin,° and Leonori,” among others,’
have established the modular assembly of nitrogen-containing
heterocycles (Fig. 1A). Transition metal catalysts have also shown
promise for nitrogen insertion, though reports on such reactions
remain sparse.” However, these reactions typically rely on suprastoi-
chiometric amounts of terminal oxidants or pre-oxidized precursors
under relatively harsh conditions.

Recently, there has been growing interest in electrochemical
organic synthesis, which provides chemists with an environmentally
benign method for constructing molecules.”® In this synthetic
strategy, an applied electrical potential drives electron flow, specifi-
cally enabling oxidation processes at electrode surfaces. Thus,
electricity facilitates oxidative chemical transformations through
anodic events, thereby avoiding the need for expensive or toxic
chemical oxidants. In this context, Cheng,"* Ackermann,'” and
Koh™ independently reported nitrogen atom insertion reactions
under electrochemical settings (Fig. 1B). Indeed, the strategic selec-
tion of readily accessible nitrogen sources, such as ammonia or
ammonium carbamate, significantly enhances the efficiency and
practicality of the reaction manifold, while the use of external
chemical oxidants is rendered unnecessary.
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Based on these precedent studies, we envisaged that man-
ganese could be an ideal candidate for a sustainable electro-
chemical nitrogen insertion reaction with its low toxicity and
abundance. Importantly, in recent reports of the Lin group,
manganese(n) catalysts play a pivotal role in electrochemical
diazidation of C=C bonds."* Inspired by these studies, we
hypothesized that manganese could serve as an effective plat-
form to control reactivity through ligand modification, thereby
enabling nitrogen-atom insertion in place of the well-
established diazidation process in the presence of azides under
electrochemically oxidative conditions (Fig. 1C).

As a result, we have established a novel electrochemical
nitrogen-atom insertion reaction using a manganese complex.
Salient features of our strategy include (a) detailed screening of
well-defined manganese complexes, (b) preliminary mechanistic
investigations to understand the modus operandi of present
work, and (c) a wide range of functional group tolerance.

We set out to explore optimal reaction conditions for the
electrochemical nitrogen insertion into indene 1a with TMSN; as a
nitrogen source in the presence of a manganese complex in an
undivided cell setup (Scheme 1A and Table S1-S5). Initial experi-
ments (entries 1 and 2) indicated that while diazidation indeed
occurred,'*? isoquinoline 2a was afforded as a major product. To
enhance operational simplicity, the reaction was conducted under
air, which resulted in a slight improvement in the product yield
(entry 3). However, under MeCN/AcOH solvent conditions, the cell
resistance was measured to be high. Although LiClO, was employed
as the electrolyte to alleviate this issue, severe passivation of the
electrode surface was observed (Table S1). Solvent screening revealed
that replacing MeCN with MeOH led to predominant formation of
2a with low resistance, although diazidation byproduct 3a and nitrile
derivative 4a slightly increased (entry 4). Interestingly, the addition of
molecular sieves and a base improved the yield while suppressing
byproducts (entry 5).

Control experiments confirmed the essential role of electro-
oxidation process and the need for milder conditions (entries 6-7).
These results indirectly suggest that under air atmosphere, mole-
cular oxygen exerts a greater influence on downstream chemical
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Fig. 1 Background and motivation of the present study. (A) General strategy for nitrogen atom insertion. (B) Recent studies on electrochemical nitrogen

atom insertion. (C) Inspiration for the current work.

processes in the reaction manifold rather than serving as a terminal
oxidant for Mn(u) species.” Finally, a range of manganese com-
plexes ([Mn-1]-{Mn-5]) was evaluated (entry 8, Scheme 1A and
Scheme S2), and the bathocuproine ligand exhibited the highest
catalytic efficiency, affording 2a in 70% yield (entry 5, Scheme 1).

Based on the observed reactivity for nitrogen-atom insertion, we
sought to elucidate its mechanistic features. To this end, a potentio-
dynamic electrochemical approach was employed (Scheme 1Bi and
Scheme $3-S13). In cyclic voltammetry, the anodic wave of 1a near
1.0 V shifts to more positive potentials in the presence of manganese
with a change in peak shape, indicating that manganese influences
the electrochemical oxidation of 1a. Furthermore, in the potential
region above approximately 1.25 V, the anodic current of green trace
decreases relative to that observed for 1a alone, suggesting that
manganese species may alter the oxidation pathway of 1a. Additional
CV studies with increasing the concentration of TMSN; do not lead
to a meaningful change in current density (Scheme S14-S17),
indicating that direct capture of the electrochemically generated
radical cation of 1a by azide anion is unlikely to be operative.
Consistently, no product formation is observed in the absence of
[Mn-1] (Scheme 1Bii). Furthermore, when [Mn-6] and [Mn-7] were
subjected to the electrochemical reaction conditions (Scheme 1Bii),
product formation was observed, albeit with slightly reduced effi-
ciency. Additionally, CV studies of the [Mn-6] clearly demonstrate
that the in situ generated Mn(u)-Nj; species is involved in the catalytic
system under the electrooxidative conditions (Scheme $18).

To gain more detailed insight, the reaction with 1b was profiled
under a series of applied cell voltages ranging from 1.0 to 2.0 V
(Scheme 1Ci). The initial rate shows a linear dependence on the
applied potential, implying that catalytic turnover is sensitive to the
electrochemical driving force. Also, extrapolation of the rate-
potential relationship toward lower potentials suggests productive
electrocatalysis ceases at approximately 0.7 V. Consistent with this
analysis, constant-potential electrolysis (CPE) at 0.6 V produced no
detectable product while the starting material was also fully con-
sumed, likely due to unproductive direct oxidation (Scheme 1Cii).
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In contrast, electrolysis at 1.0 V afforded the desired products. These
results are consistent with CV studies shown in Scheme 1Bi (green
trace), in which onset potential of the reaction mixture is observed at
approximately 0.67 V, highlighting the crucial role of manganese
catalyst in enabling the electrochemical nitrogen atom insertion.

With a mechanistic understanding in hand, the scope of the
manganese-catalyzed electrochemical nitrogen-atom insertion was
explored (Scheme 2A). A series of differently substituted 1-aryliso-
quinolines 2 was afforded, revealing that not only electron-
withdrawing substituents but also electron donating groups were
fully tolerated under the optimized conditions. Importantly, in the
case of a substrate bearing a styrene moiety, a desired product 2j was
solely formed. The C3-substituents on indene is not required (21-
2m), and the method was also successfully applied to the synthesis
of pyridines (2n-2p). Furthermore, the developed protocol could be
extended to the synthesis of a pharmaceutical compound, Perampa-
nel (2q), and a derivative of a natural product, Pterostilbene (2r).
Interestingly, a reaction with a radical probe 1s resulted in the
formation of nitrogen-inserted product 2s, while a ring opened
product was not detected (Scheme 2B).">'¢

On the basis of our mechanistic insights, a plausible path-
way for manganaelectrooxidative nitrogen atom insertion is
proposed (Scheme 2C). Initially, the in situ generated Mn(u)-
N; complex undergoes anodic oxidation, thereby affording an
azide radical. The resulting azide radical reacts with substrate
1a to generate intermediate A, which subsequently undergoes
annulation to form the aziridine radical intermediate B.° This
species then undergoes intramolecular rearrangement followed
by oxidative aromatization to furnish the final product 2a.

In conclusion, we have established a manganese-catalyzed
electrocatalytic strategy for nitrogen incorporation into unsaturated
frameworks that proceeds under mild conditions without the use of
external oxidants. Mechanistic experiments indicate the participation
of manganese-azide intermediates which is competent to generate
azide radical. The reaction displays broad substrate compatibility
and accommodates diverse functional groups, thereby offering a

This journal is © The Royal Society of Chemistry 2026
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1a 2a 3a 4a
Entry? [Mn] Additives (equiv) Solvents (mL) Time (h) Atmosphere 1a 2a 3a 4a
1 [Mn-1] - MeCN (5) / TFE (1) 16 N, 27 25 14 9
2 [Mn-1] - MeCN (5) / AcOH (1) 16 N, 0 62 2 5
3 [Mn-1] - MeCN (5) / AcOH (1) 16 air 6 67 1 3
4 [Mn-1] - MeOH (5) / AcOH (1) 10 air 0 59 5 4
5 [Mn-1] MS 4A, Na,COj5 (1) MeOH (5) / AcOH (1) 10 air 0 70 4 2
6 [Mn-1] MS 4A, Na,COj3 (1) MeOH (5) / AcOH (1) 10 air 90 0 0 0
7 [Mn-1] MS 4A, Na,COj; (1) MeOH (5) / AcOH (1) 10 air 0 54 3 2
8 [Mn-1] - [Mn-5] MS 4A, Na,COj3 (1) MeOH (5) / AcOH (1) 10 air See below
¢ Ph Ph Ph Ph
Me' ’\LMn/N Me Me' ’\LMn/N Me "LMn/N ’\LMn’N \Mn/N
c” “c cr” “cl c” “c c” el c” c

[Mn-1] [Mn-2

1 Mn-5
1a: 0%, 2a: 70%, 3a: 4%, 4a: 2% ' 1a: 0%, 2a: 62%, 3a: 6%, 4a: 2%

Mn-4] -5]
1a: 18%, 2a: 37%, 3a: 19%, 4a: 8%

[Mn-3] -4]
1a: 21%, 2a: 40%, 3a: 20%, 4a: 11% * 1a: 18%, 2a: 42%, 3a: 18%, 4a: 6%
a Reaction conditions: 1a (0.2 mmol), TMSN3 (0.2 mmol), 30 °C, anode: GF, cathode: Pt, U, = 1.0 V. Yields were determined by 'H NMR with mesitylene as internal standard.
5 No potential. © 60 °C. (TFE = 2,2,2-Trifluoroethanol; MS = Molecular sieve; air = No N, purging; reaction conducted in a closed flask.)
o o)
B. Cyclic voltammetric study* and preliminary mechanistic investigations
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Solution = 0.1 M TBAPFg; Mn complex = 1 mM in 0.1 M TBAPFg; analyte = 4 mM in 0.1 M TBAPFg; Scan rate = 100 mV/s.
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Scheme 1 Optimization and mechanistic studies. (A) Selective transformation enabling nitrogen atom insertion. (B) Potentiodynamic and comple-
mentary experimental analyses. (C) Preliminary kinetic studies.
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C. Proposed reaction mechanism

Scheme 2 Substrate scope and radical clock experiment. (A) Versatility in
manganese-catalyzed electrochemical nitrogen atom insertion. (B) Radical
pathway determination. (C) Proposed reaction mechanism.

practical and environmentally benign approach for constructing
nitrogen-containing molecular architectures.
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