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Graphical abstract

N cat. C MPO cat. CuCI/DMEDA/TEMPO
R NTR R” NH, > R—=N +
neat, in air toluene, in air
R = aryl, alkyl high selectivity
Previous work This work

A simple and readily available CuClI/DMEDA/TEMPO system-catalyzed aerobic oxidation of primary amines using air as an advantageous
oxidant is developed for direct and selective synthesis of the useful nitriles under mild conditions.

ABSTRACT

By screening the copper catalysts, ligands, and the reaction conditions, a simple CuCI/DMEDA/TEMPO catalyst system readily available from
commercial sources is developed for a direct and selective synthesis of the useful nitriles by an aerobic oxidation reaction of primary amines using air
as an advantageous oxidant under mild conditions.
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1. Introduction

The nitrile moiety is a significant and abundant building block in dyes and various biologically-, pharmaceutically-, and
agrichemically-active compounds as well as in many fine chemicals [1-3]. Nitriles are also important precursors in the synthesis of
amides and amide derivatives, carboxylic acid derivatives, as well as numerous heterocycle compounds through multi-component
reactions [4-8]. Therefore, nitirle synthesis has been a long term interest among the synthetic chemists and many methods have been
reported in the literature. Traditionally, nitriles can be obtained by Sandmeyer reaction of diazonium salt derived from aryl amines
[9,10], by Rosenmund—von Braun reaction of aryl halides [11], and by ammoxidation of toluenes [12]. However, the requirement of
harsh reaction conditions such as high temperatures (up to 550 °C), the use of highly toxic cyanide salts, and the production of large
amounts of wastes greatly limited the potentials of these methods in functional group tolerance and wider applications in synthesis.
More recently, dehydration of amides or aldoximes at high temperatures [13,14], transition metal (TM)-catalyzed cross-coupling
reactions of CN sources with aryl halides, pseudohalides or other aryl sources [15,16], TM-catalyzed anaerobic dehydrogenative or
aerobic oxidative coupling of alcohols with ammonia [17], dehydrogenation or oxidation of amines [18-33], as well as other methods
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[34] have also been developed as useful alternatives for nitrile synthesis. Among these methods, dehydrogenation or oxidation of
amines seems to be a direct and more practical method due to the ready availability of the amines. Therefore, oxidation methods using
stoichiometric oxidants [18,19], TM-catalyzed anaerobic dehydrogenation methods [20-22], and TM-catalyzed aerobic oxidation
methods [23-33] have been described in the literature. In comparison with the stoichiometric oxidants-mediated and anaerobic
dehydrogenation methods [18-22], the aerobic oxidation reactions [23-33] should be greener and more advantageous methods because
oxygen or even air can be used as the oxidant without producing any wastes or byproducts other than the water. Since air is more
available, more economic, safer, and more practical in use, amine oxidation with air is an attractive way for nitrile synthesis. However,
since air is also less oxidative and less reactive than the pure oxygen and thus usually require harsher reaction conditions in the same
oxidation reactions, the known aerobic amine oxidation reactions for nitrile synthesis mostly employed pure oxygen as the oxidant;
while the use of air is still rare so far.

In previous studies, we have engaged in some aerobic oxidative reactions using air as the oxidant [35,36], especially the TM-
catalyzed aerobic oxidative condensation reactions of alcohols with amines [37-39] and aerobic amine oxidation reactions [39-41] for
synthesis of the useful imines and benzazole heterocycles (Scheme 1A). In the Cu-catalyzed aerobic amine oxidation reactions under
air, we noticed that nitriles could be observed in detectable yields in many cases (Scheme 1B) [40,41]. Due to the importance of the
nitrile compounds and the advantages of using air as the oxidant, we envisioned a new method for nitrile synthesis by a Cu-catalyzed
aerobic amine oxidation reaction using air as the oxidant. As to the background of the Cu-catalyzed methods, the Kametani group had
reported early in 1977 a stoichiometric CuCl-mediated aerobic amine oxidation reaction for nitriles synthesis [23]. Cu catalysts were
then scarcely used in the research. Till in 2013, the Stahl group reported an efficient and highly selective but somewhat complex
Cu/4,4'-t-Bu,bpy/ABNO/DMAP-catalyzed aerobic oxidative method for nitrile synthesis from amines [31]. However, both methods
require the use of pure oxygen as the oxidant. Therefore, there is still much room for improvements of the Cu-catalyzed method by
using air as the oxidant. Herein we report a readily available and relatively active CuCI/DMEDA/TEMPO catalyst system that can be
utilized in the aerobic oxidation of primary amines for nitrile synthesis by using air as the oxidant under mild conditions (Scheme 1C).

2. Results and discussion

As shown in Table 1, an initial copper catalyst evaluation in aerobic oxidation of benzylamine (1a) with air under the imination
conditions at room temperature (entries 1-3, with 2 mol% TEMPO) showed that CuCl may be the best Cu source for nitrile synthesis
for it gave the highest GC yield (25%) and selectivity (27%) of benzonitrile (2a) among the copper catalysts tested (entry 3) [40]. This
also indicates that the Cu source or the anion of the copper salts is significant in the reaction. Indeed, no product could be observed
under the same conditions in the absence of a Cu catalyst even with a higher loading of TEMPO (entry 4). CuCl was then used in
further optimization the reaction conditions. Higher loadings of both CuCl and TEMPO (5 mol%) were then firstly tested, but
improvements of the 2a’s yield and selectivity were not obvious (entry 5). Then, addition of toluene as the solvent (entry 6) and 1,1'-
bipyridine as the ligand (entry 8) as well as elevation of the reaction temperature to 80 °C (entry 7) were all found to work to improve
2a’s yield and selectivity. Realizing that the ligand and the anion of the copper salts that also work as the ligand for the copper center
can both affect the catalyst’s activity significantly, more ligands were further evaluated. Screening of other bidentate ligands such as o-
diaminobenzene, o0-aminobenzenethiol, N,N,N',N'-tetramethylethane-1,2-diamine (TMEDA), N,N-dimethylethane-1,2-diamine
(DMEDA) showed that DMEDA is the best ligand for the reaction (entries 9-12). The optimal conditions (run 12) were then employed
for further evaluation of the copper sources (entries 13-17) and solvents (entries 18-19). However, No better results could be obtained
using other Cu catalysts such as CuO, CuSO4 and CuCl,, CuBr, and Cul and solvents like MeCN and dioxane. Thus, the use of 5 mol%
of CuCl, DMEDA, and TEMPO as the catalyst system and running the reaction at 80 °C in toluene afforded 2a in the highest 80%
isolated yield and 92% selectivity (entry 12).

The above optimized conditions (Table 1, entry 12) were then applied to various primary amines to extend the scope of this Cu-
catalyzed aerobic oxidation method with air. Similar to the model reaction (entry 1), both benzylamines bearing electron-donating
substituent (entries 2-7) and electron-withdrawing substituent (entries 8-13) on the phenyl ring could be smoothly oxidized by air under
the standard conditions to give the desired aryl nitriles in generally good to high selectivities and good yields. The results showed that
the ortho-substituted benzylamines generally gave lower yields of the products (entries 4, 7, 10, 13) than corresponding para- and meta-ones
(entries 2, 3, 5, 6, 8, 9, 11, 12). As shown in the table, this method could tolerate a series of functional groups such as the reactive fluoro
and chloro groups (entries 8-13). In addition, despite the steric effect of naphthyl ring, the reaction of 1-naphthylmethylamine still gave
a moderate yield of target product (entry 14). The method could also be successfully extended to heteroaryl methylamines such as 2-
thiophenemethylamine, 3-pyridylmethylamine as well as 4-pyridylmethylamine (entries 15-17), but only moderate yields of the
corresponding heteroaryl nitriles were obtained. For alkyl amines such as 3-phenylpropylamine and n-octylamine, the reaction gave
poor yields of target alkyl nitriles under the standard conditions, even if the reaction temperature was elevated to 100 °C (entries 18,
19). Finally, to test the scalability of the method, a 10 mmol scale reaction of 1le was performed. The reaction afforded target 2e in 79%
yield (1.05 g) at an elevated temperature of 90 °C, revealing potential of the method in large scale synthesis.

In comparison with the previous Cul/TEMPO-catalyzed imine-selective aerobic amine oxidation reaction with air [40], by
replacing Cul with CuCl, adding ligand DEMDA, and enhancing the reaction temperature, the present CUCI/DMEDA/TEMPO catalyst



combination seems to be more active and oxidative that can lead to the selective production of the nitriles. Therefore, a possible
reaction path was postulated in Scheme 2 to show the selective generation of nitriles from amines. Thus, the [Cu]/TEMPO system with
or without a ligand has already been an active catalyst that can efficiently catalyze the aerobic amine oxidation to give imine
intermediate 4 even at room temperature [40]. Then, in the presence of the more active CuClI/DMEDA/TEMPO catalyst, 4 was
effectively oxidized again to selectively give nitriles and at an elevated temperature, rather than undergoing hydrolysis or condensation
reactions to give imine byproducts 3 as in the previous cases [40]. Thus, nitriles can be selectively produced by the present method.

3. Conclusion

In conclusion, we developed a direct method for selective synthesis of nitriles from primary amines by a simple
CuCIl/DMEDA/TEMPO-catalyzed aerobic amine oxidation reaction using air as an advantageous oxidant. Since the catalyst system is
readily available form commercial sources and the method tolerates aryl, heteroaryl, and aliphatic amines and several reactive
functional groups and can be performed under relatively mild conditions, all these makes the method an easily applicable and practical
alternative for nitrile synthesis from amines. Further applications of the Cu-based catalysts in aerobic oxidation reactions are still
ongoing in this group.

4. Experimental

Typical procedures for Cu-catalyzed aerobic oxidation of primary amines with air for nitrile synthesis: A mixture of benzylamine la
(107.0 mg, 1.0 mmol), CuClI (5.0 mg, 0.05 mmol, 5 mol%), 2,2,6,6-tetramethyl-1-piperidyloxy (TEMPO, 7.8 mg, 0.05 mmol, 5 mol%),
and N,N-dimethylethane-1,2-diamine (DMEDA, 4.4 mg, 0.05 mmol, 5 mol%) in toluene (0.5 mL) sealed in a Schlenk tube (100 mL)
with an air balloon was stirred at 80 °C for 24 h. The reaction was then monitored by TLC and/or GC-MS. After completion of the
reaction, solvent was evaporated under vacuum. The residue was purified by flash column chromatography on silica gel using
petroleum ether and ethyl acetate (0-100/1) as the eluent, giving product 2a in 80% isolated yield.

Benzonitrile (2a): Colourless oil. *H NMR (500 MHz, CDCls): § 7.65-7.59 (m, 3H), 7.49-7.46 (m, 2H); *C NMR (125 MHz,
CDCls): § 132.83, 132.11, 129.16, 118.84, 112.37; MS (EIl): m/z (%) 104 (8), 103 (100), 77 (6), 76 (38), 75 (9), 74 (4), 73 (2), 63 (3),
52 (5), 51 (10), 50 (17).
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A) Previous work: Cu-catalyzed selective aerobic amine oxidation for imine
and heterocycle synthesis

R7ONH, Cul/TEMPO (2/2 mol%) RTINTR
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B) The initial finding in Cu-catalyzed aerobic amine oxidation reaction under air
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Scheme 1. Cu-catalyzed aerobic amine oxidation reactions with air.
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Scheme 2. Potential reaction paths for selective nitrile and imine synthesis.



Table 1
Condition optimization for the Cu-catalyzed aerobic amine oxidation with air for nitrile synthesis.?

cat. [Cu]/L/TEMPO

/—Ph
P ONH, ————————— N /=N
1a solvent, air, T., 24 h PH

3a
_ NH, SH Me
GO QI L, g v
=N N NH, NH, Me Me
L, L, Ly L, (TMEDA) Ls (DMEDA)
Entry [Cu] (mol%) L (mol%) TEMPO (mol%) solvent T (°C) 2a (%)° 2a/3a°
1 Cul (2) - 2 - 30 6 7/93
2 CuBr (2) -- 2 -- 30 12 13/87
3 CuCl (2) - 2 - 30 25 27173
4 -- -- 5 -- 30 0 --
5 CuCl (5) - 5 - 30 30 36/64
6 CuCl (5) - 5 toluene 30 42 55/45
7 CuCl (5) - 5 toluene 80 51 59/41
8 CuCl (5) L, (5) 5 toluene 80 63 64/36
9 CuCl (5) L, (5) 5 toluene 80 20 24/76
10 CuCl (5) L; (5) 5 toluene 80 69 80/20
11 CuCl (5) L4 (5) 5 toluene 80 72 77137
12 CuCl (5) Ls(5) 5 toluene 80 88 (80) 92/8
13 CuO (5) Ls (5) 5 toluene 80 0 -
14 CuSO;4 (5) Ls (5) 5 toluene 80 2 3/97
15 CuCl, (5) Ls (5) 5 toluene 80 34 95/5
16 CuBr (5) Ls (5) 5 toluene 80 78 81/19
17 Cul (5) Ls (5) 5 toluene 80 80 86/14
18 Cucl (5) Ls (5) 5 MeCN 80 31 43/57
19 CuCl (5) Ls (5) 5 dioxane 80 68 71/29

@ Unless otherwise noted, the mixture of 1a (1 mmol), a Cu salt, ligand, and TEMPO (5 mol%) in toluene (0.5 mL) sealed in a Schlenk tube
with an air balloon was stirred at the given temperature for 24 h.

b GC yields (isolated yields in parentheses) based on 1a.

¢ Ratios based on GC-MS analysis.
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Table 2

Scope of the Cu-catalyzed aerobic amine oxidation method.?
CuCl (5 mol%)

DMEDA (5 mol%)

TEMPO (5 mol%)

R” ONH, R—=N
lass toluene, air, 80 Q h 2ass
Entry | R- 1 2 2al(%)° | 2/3¢
1 Ph- la 2a 80 92/8
2 p-MeCgH,- 1b 2b 78 89/11
3 m-MeCeH,- 1c 2c 75 87/13
4 0-MeCgH,- 1d 2d 74 86/14
5 p-MeOCeH,- | le 2e 85 (797 | 94/6
6 m-MeOCegH,- 1f 2f 77 90/10
7 0-MeOCeHs- | 1g 29 76 91/9
8 p-CICeH,- 1lh 2h 84 93/7
9 m-CICeH,- li 2i 82 90/10
10 0-CICgH,- 1j 2j 72 86/14
11 p-FCeHa- 1k 2k 78 89/11
12 m-FCe¢H,- 1l 2l 75 85/15
13 0-FCgHs- 1m 2m 65 76/24
|
14 @ﬁb 1n 2n 53 77123
15 / 1o 20 45 88/12
s Q
=]
16 . e 1p 2p 66 80/20
-7 Q
17 Ny /yg——’ 1q 2q 63 78/22
18° PhCHzCI'Q 1r 2r 42 52/48
19¢ n-C;His 1s 2s 33 43/57

2Unless otherwise noted, the mixture of 1 (1 mmol), CuCl (5 mol%), DMEDA (5 mol%), and TEMPO (5 mol%) in toluene (0.5 mL) under air
was heated at 80 °C for 24 h.

b Isolated yield of 2 based on 1.

¢ 2/3 ratios were obtained by GC analysis.

4 The yield in parenthesis is of a 10 mmol scale reaction carried out at 90 °C. Product yield: 1.05 g.

€100 °C.
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