-
v
A4

http://pubs.acs.org/journal/acsodf

This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

Ligand-Accelerated, Copper-Catalyzed Aerobic Oxidative
Dehydrogenation of Primary Amines to Nitriles

Shiyun Li** Yan An," Lulu Wang, Yu Chen, Jun Huang, Tiesen Li, Bin Wen, and Xingquan Chen*

I: I Read Online

Article Recommendations |

Cite This: ACS Omega 2025, 10, 11454-11462

ACCESS |

[l Metrics & More | @ Supporting Information

\N/
Cul, DMAP, O, or air
R/\NHZ » R——=N | N
1,4-dioxane, 100 °C py
N
DMAP

< green oxidation < highly efficiency and selectivity

D broad substrate scope < excellent functional group compatibility

< long-acting catalyst activity < up to 100% yield, >40 examples

ABSTRACT: A highly efficient copper-catalyzed oxidative dehydrogenation of primary amines to access nitriles has been
developed. We found that DMAP was an efficient ligand for copper-catalyzed oxidation and molecular oxygen was a green oxidizing
agent. This reaction exhibited excellent functional group compatibility and a broad substrate scope. Various benzylic, allylic, and
aliphatic amines were selectively and effectively oxidized to the corresponding nitriles in high yields (up to 100%). The ligand
DMAP not only accelerated the reaction rate but also enhanced the stability of the catalyst. The practicality of the reaction was
illustrated on a gram scale, even at a lower catalyst loading and/or under bubble air conditions.

B INTRODUCTION

The nitrile moiety is a significant and abundant building block
in pharmaceuticals, natural products, and functional materials
as well as in many fine chemicals." Nitriles are also important
precursors in the synthesis of amides, carboxylic acids, amines,
and numerous heterocycle compounds through multicompo-
nent reactions.” Hence, the synthesis of nitrile has been of
long-term interest to synthetic chemists, and numerous
methods have been reported in the literature. Conventional
approaches to access nitriles in the laboratory include the
Schmidt reaction,” the Sandmeyer reaction,” the Rosenmund—
von Braun reaction,” and the transition-metal-catalyzed
cyanation.” However, these protocols suffer from poor atom
economy and require stoichiometric oxidants or hazardous and
explosive azides. Additionally, harsh reaction conditions limit
functional group compatibility and selectivity.

Recently, a novel protocol for nitrile synthesis involves the
oxidative dehydrogenation of primary amines (Scheme 1la).
While stoichiometric amounts of oxidants such as K,S,05,” 1,
Dess—Martin periodinane,9 chlorinating reagents,10 and TBHP
are usually used."’ Moreover, the aerobic oxidation protocols
have emerged as mild and green catalytic methods with high
synthetic potential because oxygen is an abundant, low-cost,
and environmentally benign oxidant using ruthenium,'”
cobalt,"® nickel,'* iron,'* manganese complexes,16 and copper
salts as catalysts.'” Among them, copper catalyst systems
attracted more and more researchers’ interest because copper
is a cheap, versatile, and powerful catalyst for many aerobic
oxidative reactions.
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The oxidation process involves the sequential oxidative
dehydrogenation of amine (I) and the intermediate (imine, II).
While imine (II) can easily hydrolyze to form the aldehyde
(IV) or undergo nucleophilic attack by amines (I), followed by
deamination to give symmetrical imines (V). To prevent the
formation of these by-products and enhance the catalytic
activity, stoichiometric copper salts and/or molecular sieves
were usually used.'® In 2013, Stahl's group reported an
effective but somewhat complex oxidation system for
converting primary amines to nitriles through catalysis by
(4,4-tBu,bpy) Cul/ABNO."” In 2016, Lumb and Arndtsen
revealed that counterions control the copper-catalyzed
oxidation pathway, with CuPF; for imines and Cul for nitriles,
while the catalyst is easily deactivated.”’ Ligands play an
increasingly important role in organic reactions (Scheme 1b).
Gu’s group reported Cu(0)-catalyzed stoichiometric isoquino-
line as a ligand for nitrile syntheses.”’ Furthermore, Xie’s group
reported N-methyl imidazole as a ligand for the CuBr,-
catalyzed aerobic oxidation of benzylic amines to aryl nitriles.””
A CuCl/TEMPO-co-catalyzed aerobic oxidation of primary
amines to nitriles using DMEDA as a ligand has been reported
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Scheme 1. Synthetic Approaches of the Oxidative Dehydrogenation of Primary Amines to Nitriles
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by Xu’s group.”’ However, these catalytic systems exhibited
low efficiency and/or inferior selectivity toward aliphatic
primary amines.”' >

Our group is devoted to developing a sustainable oxidation
method utilizing dioxygen or hydrogen peroxide as the green
oxidant.”* In our previous investigation of the oxidative
dehydrogenative coupling of 1,1’-biphenyl-2,2'-diamine to
access benzo[c]cinnolines, we identified an extremely effective
copper-catalyzed oxidation monodentate ligand, 4-dimethyla-
minopyridine (DMAP), which can efficiently accelerate the
oxidative dehydrogenation process.”** To further improve the
oxidative efficiency and broaden the substrate scope of the
primary amines. Herein, we reported a readily available and
effectively copper-catalyzed system for the aerobic oxidation of
primary amines to nitriles using dioxygen or air as an oxidant,
with DMAP as a highly effective ligand under mild conditions
(Scheme Ic).

B RESULTS AND DISCUSSION

Oxygen has attracted significant interest as a green oxidant.
Initially, we screened different copper salt catalysts using 4-
chlorobenzylamine as a template substrate, DMAP as a ligand,
and 1,4-dioxane as a solvent under an oxygen atmosphere.
Preliminary experiment results indicated that Cu(I) catalyzed
more effectively than Cu(II) (Table 1, entries 1 and 2, and
Table S1). Among the Cu(I) catalysts, Cul performed the best
for nitrile synthesis because it gave the highest yield (99%).
CuCl was a better effective catalyst, with a yield of 78%, while
CuBr was the least effective, with a yield of 75%. The
conversion rate of these catalysts was consistently 100% (Table
1, entries 3—S5, and Table S1). Attempts to use other copper
catalysts, such as Cu,O, Cu(0), and Cu(acac),, were
unsuccessful, while Cu(OAc), yielded 81% (Table S1).
These results also indicate that the copper source or the
counterion of the copper salts is significant in the reaction.
Subsequently, the influence of the solvent and reaction
temperature was investigated (Table S2). The polar aprotic

https://doi.org/10.1021/acsomega.4c11496
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Table 1. Copper-Catalyzed Oxidative Dehydrogenation of Primary Amines la under an Oxygen Atmosphere”

cl 1,4-dioxane,100 °C, 2h, O, balloon

1a 2a

copper salts (5% mol), ligand (10% mol)

Ll DMAP L4 L5 L6 L7 L8 L9
(1 @3 P o S oo
N cooH | :N N 4 _: (‘_\ \_/ z—\ | :N N T :
__________________________________________ L2 o M s
entry catalyst ligand yieldb (%)
1 Cucl, L1 6
2 CuBr, L1 31
3 CuBr L1 75
4 CuCl L1 78
R Cul L1 99
6 Cul L2 58
7 Cul L3 58
8 Cul 14 78
9 Cul Ls 95
10 Cul L6 71
11 Cul L7 17
12 Cul L8 S
13 Cul L9 63
14 Cul L10 58
15 Cul L11 NR
16 Cul L12 39
17 Cul L13 53
18 Cul L14 56
19 Cul L1S 56

“Reaction conditions: 1a (1 mmol), Cul (S mol %), and DMAP (10 mol %) were stirred in 1,4-dioxane (5 mL) at 100 °C under an oxygen
atmosphere for a reaction time of 2 h. The bold data is the optimal reaction condition. “Yield determined by GC. NR, no reaction.

solvents 1,4-dioxane, dichloroethane (DCE), and ethyl acetate
(EA) exhibited favorable reactivity. While the reactions gave
lower yields and selectivity in dimethyl sulfoxide (DMSO),
N,N-dimethylformamide (DMF), acetonitrile (MeCN), and
tetrahydrofuran (THF), respectively. 1,4-Dioxane was selected
as the reaction solvent due to its low cost and simplicity of
post-treatment. The reaction can also be converted at lower
temperatures but with diminished selectivity.

The latest research suggests that pyridine ligands are the
optimal ligands for copper-catalyzed oxidative process.”*
Therefore, further screening of the pyridine ligands was
conducted. The substituting pyridine generally improves
reaction efliciency, and electron-donating substituents at the
4-position significantly enhance the reaction yield (Table 1,
entries 6—13), among which the yield of 4-aminopyridine was
95%. Further investigation was conducted into bidentate or
tridentate pyridine ligands; however, the yield of the reaction
also decreased (Table 1, entries 14—19). Interesting, the N,O-
bidentate ligands L11 did not react at all, maybe the exposed
hydroxyl group inactivated the catalyst (Table 1, entry 15).
The copper catalyst—ligand complexes have a flexible structure
that facilitates dissociation from the ligands and binding to the
reactants.”> Compared with the copper/pyridine (L4)
complex, the copper/bipyridine (L13) complex is less flexible;
as a result, the copper/bipyridine catalysis system gave a poor
yield (Table 1, entries 8 and 17).

Therefore, the small size of the ligands is favorable for
coordination, so their volume should not be too large.

With the optimal conditions in hand, the scope of primary
amines was investigated in this copper-catalyzed aerobic
oxidation method (Scheme 2). Like the model reaction (2a),
both benzylamines bearing electron-donating group (methyl,
methoxy, tert-butyl) and electron-withdrawing group (fluoro,
chloro, bromo, trifluoromethyl, cyano, nitro, and ester) at the
para-position could be smoothly oxidized under the standard
conditions to give the desired aryl nitriles 2b—2k in excellent
yields (up to 100%). Monosubstituted benzylamines at the
ortho- or meta-position such as 2-fluorobenzylamine, 2-
chlorobenzylamine, and 3-chlorobenzylamine also afforded
the corresponding aryl nitriles (21—2n) in high yields (yield up
to 98%). In addition, substrates bearing multiple electron-
donating groups and electron-withdrawing groups also
afforded the corresponding aryl nitriles (20—2t) in excellent
yields (>90%), regardless of the position of the substituent.
Surprisingly, bearing a bulky steric substrate such as 2,6-
difluorobenzylamine can also efficiently synthesize the
corresponding 2,6-difluorobenzonitrile (2p). Polycyclic meth-
ylamines, such as piperonylamine (lu), 2-naphthylmethyl-
amine (1v), and anthracene-9-methylamine (1w), underwent
effective conversion into the nitriles (2u—2w). This reaction
was also compatible with a variety of active functional groups,
including alkene, alkyne, and boronic acid ester 2x—2z.

https://doi.org/10.1021/acsomega.4c11496
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Scheme 2. Substrate Scope of Cul/DMAP-Catalyzed Aerobic Oxidative Dehydrogenation of Primary Amines and Secondary
Amines”
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“Reaction condition: 1 (1 mmol), Cul (S mol %), and DMAP (10 mol %) were stirred in 1,4-dioxane (S mL) at 100 °C under an oxygen
atmosphere for 2—10 h with isolated yields.

Interestingly, the oxidation of p-xylenediamine (laa) afforded
1,4-dicyanobenzene (2aa) in 95% yield. A heterocycle
substrate bearing pyridine (lab, lac) and thiophene (lad)
moieties were also suitable for this transformation with
moderate to high yields (66—100%). Although aliphatic
substrates were less reactive, excellent yields (96—99%) of
the corresponding nitriles (2ae—2ah) were obtained in this

11457

method. The aerobic oxidation of allyl amines (1ai) afforded
the corresponding a,f-unsaturated nitriles in high yields.
However, limitations of the current protocol include substrates
with hydroxyl and carboxyl groups, which provided products in
less than 5% yield; this may be because the phenol group is
oxidized to benzoquinone and the carboxylic acid group
deactivates the catalyst.

https://doi.org/10.1021/acsomega.4c11496
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Scheme 3. Gram-Scale Synthesis and Catalyst Cycle Experiment

(a) Gram-scale synthesis

eey
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The oxidative dehydrogenation of partial secondary amines
was also evaluated. Interestingly, the secondary amines such as
N-benzylaniline and dibenzylamine can be successfully
oxidized to the corresponding imines (2aj, 2ak) in moderate
yields. Moreover, cyclic secondary amines such as indoline and
tetrahydroisoquinoline were efficiently converted into indole
(2al) and 3,4-dihydroisoquinoline (2am) in 72 and 95% yields,
respectively, while 3,4-dihydroisoquinoline does not undergo
further oxidative dehydrogenation to produce isoquinoline
under this condition. Furthermore, 5,6-dihydrophenanthridine
(1an) can be rapidly oxidized to phenanthridine (2an) with a
90% vyield.

Next, we tried to explore the synthetic utility of the Cul/
DMAP-catalyzed aerobic oxidative dehydrogenation of primary
amines for the synthesis of nitriles (Scheme 3a). We performed
a gram-scale oxidative reaction of piperamine (1u, S g, 33
mmol) to access piperitrile (2u) in an excellent yield (90%)
under an oxygen atmosphere, even at a lower catalyst loading
(1%). Interestingly, piperonitrile can also be efficiently
obtained (85% yield) under bubble air conditions. Similarly,
4-methoxybenzonitrile (2¢) can also be scaled up under bubble
air conditions (97% yield). The activity of the catalyst is
essential for the reaction, but it will gradually decrease as the
reaction progresses. To investigate the catalyst efficiency, we
performed a sequential addition of la after 2 h under the
optimal reaction conditions (Scheme 3b). Gratifyingly, the
Cul/DMAP catalyst system could undergo at least seven
consecutive reaction cycles without any significant loss of
activity (Figure 1). In contrast, the Cul catalytic system
reported by Arndtsen was quickly deactivated, and the
decrease in catalytic activity might be due to the lack of the
ligand.”® These results indicate that our catalyst system has
potential for industrial-scale production.

To investigate the mechanism of this conversion, radical
trapping experiments were initially conducted. When the
radical trapping agent 2,6-di-tert-butyl-4-methylphenol (BHT)
was added to the reaction system, none of the nitrile 2a was
formed (Scheme 4a). Additionally, two intermediates, 6 and 7,
were captured by HRMS, suggesting that the reaction
proceeded via a radical mechanism (Figures S1 and S2). A
controlled experiment was then conducted, revealing that the
reaction did not proceed in the absence of a catalyst or oxygen

99.1%
100 95.2%

80 -

~ 60+

Yield(%

20 4

Ist 2nd 3rd 4th Sth 6th 7th

Cycle number

Figure 1. Yields of 2a in seven sequential additions.

was replaced by nitrogen. Furthermore, the efficiency of the
reaction is significantly decreased without ligand (Scheme 4b).
It is concluded that molecule oxygen serves as both an oxidant
and a radical initiator, driving the reaction. Meanwhile, ligands
play a vital role in maintaining the catalyst activity and
accelerating the reaction rate. It is noteworthy that 4-
chlorobenzaldehyde and ammonium acetate smoothly pro-
duced 4-chlorobenzonitrile (2a) in a one-pot manner under
the standard conditions (Scheme 4c). The time-course profile
of this reaction is detected by GC (Figure 2), with no imine 4
detected. Therefore, the intermediate trapping experiment of
la was conducted within 3 min using GCMS. Interestingly,
imine 4 was captured by HRMS (Scheme 4d and Figure S3,
details see in the Supporting Information). These results
indicated that imine 4 was the intermediate of the reaction,
and the oxidative dehydrogenation of imine to nitrile was not
the rate-determining step.

Additionally, a Hammett study (Figure 3, details see in the
Supporting Information) was carried out using various para-
substituted benzylamines, revealing a significant electronic

https://doi.org/10.1021/acsomega.4c11496
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Scheme 4. Mechanistic Studies
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Figure 2. Time-course profile of the oxidative dehydrogenation of 1a.

effect on the reaction rate (Figure S4). A good linear
correlation between the values of log(ky/ky) and substituent
constant (o) was obtained, R* = 0.964. The negative slope p =
—0.721 indicates that a carbocation-type intermediate is
involved in the oxidation process, and the reaction rate of
the electron-donating group is faster than that of the electron-
withdrawing group.
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Hammett plot
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Figure 3. Hammett study of the copper-catalyzed oxidation of para-
substituted benzylamine.

Therefore, based on the above studies, a plausible
mechanism for the oxidative dehydrogenative of primary
amine to form nitrile is illustrated in Scheme 5. First, Cul
coordinates with DMAP to form a chelate (A, Cu'),”® which
subsequently binds with oxygen to form the more active (u-
1*:*-peroxo) dicopper(II) complex (B, Cu"); at this stage,
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Scheme S. Plausible Reaction Mechanism
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molecular oxygen is activated and the dicopger complex is
considered a key catalyst for amine oxidation.”® The primary
amine (1) undergoes a single-electron oxidation by the
dicopper(Il) complex (B) to form Cu(I) and an aminium
radical (3). The a-proton is released from the aminium radical
(3) and one electron and another proton are rapidly oxidized
by dioxygen, followed by the removal of a water molecule to
generate an imine (4). Then, 4 undergoes a single-electron
oxidation again to form iminium cation (5), which is further
rapidly oxidized through dehydrogenation by the dicopper(II)
comzplex (B) or dioxygen to form the corresponding nitriles

(2).7

B CONCLUSIONS

In conclusion, a convenient and efficient copper-catalyzed
aerobic oxidative dehydrogenation of primary amines to
synthesize nitriles has been developed under mild reaction
conditions, utilizing dioxygen or air as a green oxidant and
DMAP as an extremely efficient ligand. The method can
generate excellent yields of nitriles (up to 100%) compatible
with multiple functional groups. The mechanism of the
reaction was clearly investigated, and the reaction intermedi-
ates were captured by HRMS. DMAP as the ligand not only
accelerated the reaction rate but also enhanced the stability of
the catalyst. This method supports the preparation of nitriles
on a gram scale with a lower catalyst loading and under bubble
air conditions. Therefore, the catalysis system has the potential
for large-scale industrial production. Further applications of
copper-catalyzed aerobic oxidation reactions are still ongoing
in our group.
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