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As fundamental chemicals, alkynes have been pivotal in synthesizing numerous value-added compounds.
Direct manipulation of alkynes offers rapid access to diverse chemical spaces. Cleaving the alkyne triple
bond has traditionally required harsh conditions due to its high bond dissociation energy. Here, we
present a manganese-catalyzed electrochemical nitrogenation method for the direct cleavage of C=C
bonds, efficiently generating various nitriles under mild conditions. This reaction demonstrates extensive
functional group tolerance and eliminates the need for stoichiometric chemical oxidants. CV experiments
verified the role of Mn catalysis, and the N3 radical intermediate was confirmed by EPR spectroscopy.
Our synthetic protocol provides a promising and versatile alternative for constructing nitrogen-containing
compounds, potentially transforming approaches in chemical synthesis

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Developing efficient and chemoselective methodologies for
crafting complex molecules remains a central challenge in organic
synthesis and drug discovery, especially for advancing the chem-
ical sciences [1-3]. Significant progress has been made in late-
stage functionalization and molecular editing, particularly in skele-
tal editing involving carbon and nitrogen atoms [4-9]. Atom sub-
stitution within a molecule can have profound effects, making it
a powerful tool for constructing intricate compounds (Scheme 1A).
Recent research has focused on transformations of C-H and C=C
bonds, with particular emphasis on C-H functionalization [10-18]
and the oxidative cleavage of C=C bonds [19-24] to generate car-
bonyl moieties. However, the direct manipulation of alkynes [25],
remains less developed which are hindered by the high bond dis-
sociation energy (>200kcal/mol for C=C bonds). Given the ubiq-
uitous structural motifs and importance in synthesizing natural
products, pharmaceuticals, and materials, exploring methodologies
for the precise modification of alkynes is of great interest [26].
Thus, exploring precision modification techniques for alkynes is
inherently intriguing [27-30]. Extensive research by the Jiao [31],
Yanada [32], Maiti [33], and Song [34] groups has focused on uti-
lizing alkynes to construct nitriles, which are highly valued for
their versatile synthetic applications in natural products, pharma-
ceuticals, agrochemicals, materials, and dyes (Scheme 1B) [35-40].
However, the high energy barriers associated with carbon-carbon
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triple bonds mean that current methods for cleaving these bonds
to produce nitriles often require harsh conditions and stoichiomet-
ric oxidants.

The unique features of electrosynthesis—scalability, con-
trollability, functional group umpolung, and environmental
friendliness—enable electrochemistry to effectively address tra-
ditional challenges [41-47]. Through single-electron transfers
between the electrode and substrate molecule, electrochemistry
has emerged as a powerful method for generating radical species
[48-50]. Building on the electro-manganese co-catalyzed azidation
of hydrocarbons via a radical process [51-56], we propose an
electrochemical strategy for the nitrogenation of alkynes to nitriles
via C=C bond cleavage (Scheme 1C). The manganese catalyst facil-
itates the generation of azide radicals, accelerating the diazidation
of alkynes [57,58]. Subsequently, the rapid departure of nitrogen
promotes the rearrangement of intermediates, culminating in
the formation of nitriles [59-63]. This protocol demonstrates
extensive functional-group tolerance and eliminates the need for
stoichiometric chemical oxidants in the nitrogenation of alkynes
to nitriles.

We began our investigations using phenylacetylene (1a) as the
model substrate and NaN3 as the nitrogen source (Table 1). Em-
ploying 5 mol% Mn(acac); as the catalyst and 10 mol% 1,10-Phen as
the ligand, we were gratified to achieve the desired product, ben-
zonitrile (2a), with a commendable yield of 78% under ambient
conditions. The reaction was con-ducted at room temperature with
a constant current of 8 mA in an undivided cell, utilizing a carbon
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Scheme 1. Molecular editing and incorporation reactions. (A) Seketal editing reac-
tions. (B) Oxidation methods for converting alkyne to nitrile. (C) Electrochemical
Mn-catalyzed nitrogenation of alkynes to nitriles.

Table 1
Optimization of the reaction conditions.?

Entry Variation from the standard conditions Yield (%)P
1 None 78

2 10.5mA instead of 8 mA 31

3 4.5mA instead of 8 mA 22

4 MnBr,-4H,0 instead of Mn(acac)s; 42

5 Cul instead of Mn(acac); Trace
6 AgNOs instead of Mn(acac)s Trace
7 2,2’'-bpy instead of 1,10-Phen 22

8 TMSN3 instead of NaN3 20

9 Ni(-) instead of Pt(-) 26
10 No Mn(acac)s N.d.
11 No NaNj N.d.
12 No 1,10-Phen 25
13 No electrolysis N.d.

3 Reaction conditions: phenylacetylene (1.0 mmol), NaN3 (5.0 mmol), Mn(acac);
(0.05 mmol), 1,10-Phen (0.1 mmol), and "BugNOAc in CH3CN (8.5 mL)/HOAc (1.5 mL);
stirring under nitrogen atmosphere was electrolyzed at a constant current of 8.0 mA
at 25 °C for 22 h.

b Yields were determined by GC using biphenyl as the internal standard.

rod anode and a platinum plate cathode (entry 1). Exploring the
effect of current intensity revealed that deviations from the opti-
mized 8 mA significantly reduced yields (entries 2 and 3). Substi-
tuting Mn(acac); with manganese(Il) salts or other transition met-
als such as Cul and AgNO3; markedly diminished the reactivity, un-
derscoring the unique efficacy of Mn(acac); in this transformation
(entries 4-6). The absence of 1,10-Phen led to a dramatic decrease
in yield to 22 %, emphasizing its critical role in enhancing the man-
ganese catalyst’s performance (entry 7). Furthermore, the selec-
tion of the nitrogen source and electrode material proved vital for
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Scheme 2. Substrate scope of terminal alkynes. Reaction conditions: alkynes
(1.0mmol), NaN3 (5.0 mmol), Mn(acac); (0.05mmol), 1,10-Phen (0.1 mmol), and
"BuyNOAc in CH3CN (8.5mL)/HOAc (1.5mL); stirring under nitrogen atmosphere
was electrolyzed at a constant current of 8.0mA at 25 °C for 22 h.

achieving optimal reactivity (entries 8 and 9). Control experiments
confirmed that the manganese catalyst, NaNs, 1,10-phenanthroline,
and constant current are all essential for the successful execution
of the reaction (entries 10-13).

With optimized conditions established, we explored a diverse
set of aryl terminal alkynes (Scheme 2). Arenes substituted with
electron-donating groups such as methyl (Me), ethyl (Et), tert-butyl
(‘Bu), methoxy (MeO), and propoxy ("PrO) proved effective, yield-
ing the desired nitrile products in good yields (2b-2f). Halogenated
arenes, including those with chlorine (Cl) and bromine (Br), were
also tolerated (2h and 2i), providing opportunities for downstream
synthetic transformations. Various functional groups, including tri-
fluoromethoxy, ketone, aldehyde, ester, and cyano moieties, were
compatible under the reaction conditions (2j-20), though some
yields were slightly lower. Substrates with one or more methoxy
groups at various positions on the aromatic ring reacted smoothly,
demonstrating the robustness of the reaction (2p-2r). The rela-
tively lower yields observed with phenylacetylene derivatives may
be attributed to inductive effects. Polycyclic aromatic acetylenes
and 4-biphenylacetylene were also suitable, efficiently yielding the
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Scheme 3. Substrate scope of internal alkynes. Internal alkynes (0.5 mmol), NaN3
(5.0mmol), Mn(acac); (0.1 mmol), 1,10-Phen (0.1 mmol), and "BuyNOAc in CH3CN
(5.5mL)/HOAc (1.5mL); stirring under nitrogen atmosphere was electrolyzed at a
constant current of 8.0mA at 25 °C for 15h.

corresponding nitriles (2s and 2t). Terminal alkynes containing
heterocyclic moieties such as quinoline, benzofuran, and benzoth-
iophene were successfully converted to the desired nitrile com-
pounds (2u-2x). Furthermore, the reaction enabled the function-
alization of complex molecules like DL-isoborneol and probenecid-
containing alkynes (2y and 2z), demonstrating the strategy’s po-
tential applicability in synthesizing pharmaceutical intermediates.

The scope of internal alkynes was further examined, as il-
lustrated in Scheme 3. Our system demonstrated compatibility
with a variety of functional groups, including methyl, methoxy, and
halogens, confirming its versatility. Symmetrical internal alkynes
yielded the desired nitrile products with moderate efficiency (3a-
3d), indicating the method’s reliability under these conditions. Un-
symmetrical internal alkynes also proved suitable for this trans-
formation, resulting in the formation of two distinct nitriles with
moderate yields (3e-3g). However, the yield will be greatly re-
duced, when using internal alkynes with alkyl as the ingredient
(3h and 4h). And when the aromatic rings on both sides contain
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strong electron-withdrawing groups, the reaction proceeds with
difficulty.

Subsequently, control experiments were conducted to gain
deeper insights into potential intermediates in this transforma-
tion (Fig. 1A). When 1-(1-azidovinyl)-4-chlorobenzene (5a) and 5-
phenyl-2H-tetrazole (5b) were used as substrates, the reactions did
not proceed, indicating that vinyl azide and 2H-tetrazole were not
intermediates in the reaction.

To further elucidate the mechanism, electron paramagnetic res-
onance (EPR) experiments were conducted to investigate radi-
cal intermediates. Under standard conditions, the azide radical
(§=2.0072, Ay =13.1G, Ay =13.1G, Ay(g)=3.4G) was successfully
captured using DMPO (5,5-dimethyl-1-pyrroline N-oxide) as the
radical trapping reagent (Fig. 1B). In the absence of alkynes, the
signal intensity of the azide radical significantly increased, suggest-
ing a rapid reaction between the azide radicals and alkynes. Ad-
ditionally, cyclic voltammetry (CV) experiments were conducted.
The results revealed an oxidation peak around 0.7V under stan-
dard conditions, consistently observed at different scan rates (Fig.
S1 in Supporting information). It is reported that NaN3 can con-
vert to azide radicals in the presence of HOAc, showing an oxida-
tion peak around 1.5V [52], which differs from the measured ox-
idation peaks. Consequently, control experiments were performed
to verify the properties of this oxidation peak (Fig. 1C). These ex-
periments showed that Mn(acac)s, NaN3, and 1,10-phenanthroline
are essential for the reversible redox peaks, while phenylacetylene
does not influence these peaks. Based on previously reported re-
sults [54] and our CV test results using [Mn(Il)] (Figs. S4 and S5
in Supporting information), the combination of Mn(acac)s, 1,10-
phenanthroline, and NaN3 generates the redox pair L-Mn(IIlI)-N;
and L-Mn(II)-N3 under CV measurement.

Further kinetic behavior using CV was measured at varying con-
centrations of Mn(acac); and NaN3 to investigate the mechanism.
Increasing the concentration of the Mn catalyst enhanced the reac-
tion activity (Fig. 1D). These findings suggest that NaNs; and 1,10-
phenanthroline interact with Mn catalysts to facilitate the reaction.
The reactivity positively correlates with the concentration of NaNs,
whereas it negatively correlates with the concentration of 1,10-
phenanthroline (Fig. 1E and Fig S3 in Supporting information). This
phenomenon is likely due to competitive binding between NaN3
and 1,10-phenanthroline. Since 1,10-phenanthroline has a stronger
coordinating ability with Mn atoms, its excess can poison the man-
ganese catalysts, reducing reaction activity.

To verify whether Mn(acac); can be reduced by NaN3 to Mn(II)
and an N3 radical, experiments with stoichiometric amounts of
manganese catalysts without electricity were performed (Scheme
4A). However, the reaction did not proceed when an excessive
amount of either Mn(Ill) or Mn(II) manganese catalyst was added.
These results suggest an essential interaction between the applied
electric current and the formed Mn(II)-N3 complex, enabling the
reaction to proceed smoothly.

Based on the experiments, a catalytic cycle for the electro-
chemical Mn-catalyzed cleavage of the alkyne triple bond (Scheme
4B). Initially, [Mn(II)] coordinates with 1,10-phenanthroline, form-
ing [LMn(II)-N3] species in the presence of N3~. Anodic oxida-
tion of [LMn(II)-N3] then generates [LMn(Ill)] and -N3 radicals.
These radicals add to the alkyne, producing an alkenyl radical.
This alkenyl radical subsequently reacts with another -N3 radical to
form a 1,2-diazidovinyl compound, which undergoes rapid denitri-
fication rearrangement, breaking the triple bond and yielding the
final nitrile products. Meanwhile, at the cathode, protons are re-
duced to H,.

In conclusion, we have developed a manganese-catalyzed elec-
trochemical method that converts alkynes to nitriles under mild
conditions. This approach applies to both terminal and a variety of
internal alkynes, and it is compatible with many heterocyclic com-
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Fig. 1. Mechanistic studies. (A) Control experiments of possible intermediates. (B) The EPR experiments. (C) Cyclic voltammograms experiments of control experiments. (D)
Cyclic voltammograms experiments of different concentrations of Mn(acac)s. (E) Cyclic voltammograms experiments of different concentrations of NaN;. See Supporting
information for further details.
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Scheme 4. Control experiments and proposed mechanism. Reaction conditions:
phenylacetylene (0.5mmol), NaN3 (2.5mmol), Mn(acac); (0.75mmol), 1,10-Phen
(1.5mmol), and "BuyNOAc in CH3CN (4.25mL)/HOAc (0.75mL), stirring under ni-
trogen atmosphere at 25°C for 11 h.

pounds. The ease of operation, broad functional group tolerance,
and scalability of this method for nitrile generation via C=C bond
cleavage make it a valuable tool for molecular editing. We antici-
pate that this technique will be beneficial for chemical synthesis in
academic research as well as in the pharmaceutical, material, and
agrochemical industries.
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