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A B S T R A C T

A mild and efficient methodology for the direct oxidative synthesis of nitriles from easily available
alcohols and aqueous ammonia by employing CuCl/DABCO/4-HO-TEMPO as the catalysts is described.
This protocol uses the air as a green oxidant and aqueous ammonia as the nitrogen source at room
temperature. A variety of aryl, heterocyclic and allylic alcohols are smoothly converted into the
corresponding nitriles in good to excellent yields.
© 2017 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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The nitrile group is considered to be an important functional
group in organic chemistry and can be widely found in natural
products, fine chemicals, pharmaceuticals and synthetic inter-
mediates [1]. Moreover, nitriles can serve as precursors for acids,
esters, ketones, amides and heterocycles [2]. Because of their
importance, the development of an efficient methodology for the
synthesis of nitriles has attracted great interest. Over the past
decades, numerous approaches have been developed. Traditional-
ly, the common strategies for the preparation of nitriles involve
halide/CN exchange [3], C-H functionalization of arenes [4],
oxidation of amines [5] and dehydration of amides and aldoximes
[6,7]. However, these protocols usually require highly toxic
cyanides, high pressure and temperature, which limits their
application and large amounts of unwanted by-products are
generated. Therefore, the development of greener and more
practical methods for the synthesis of nitriles is still highly
desirable. In recent years, considerable efforts have been devoted
to the synthesis of nitriles from aldehydes, in which stoichiometric
amounts of oxidants or special nitrogen sources were required
[8,9]. In addition, electrochemical methods to generate nitriles
from aldehydes were also well studied [10–12]. However, the
required aldehydes of these protocols are chemical unstable and
normally prepared by selective oxidation of alcohols [13–15]. As
alcohols are inexpensive, benign and readily available bulk
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chemicals, it would be an alternative approach to synthesize
nitriles directly from alcohols with inexpensive aqueous ammonia
as nitrogen source. To the best of our knowledge, a number of
protocols have been studied using oxidizing system such as I2/DIH
[16], I2/TBHP [17], DDQ [18], NiSO4/K2S2O8/NaOH [19] and MnO2/
MgSO4 [20]. However, the use of stoichiometric amount of
oxidants made these protocols environmental unfriendly, sub-
strate scope limited and functional group incompatibility. From
both economic and environmental points of view, molecular
oxygen, as a green oxidant, has received significant attention
because O2 is inexpensive, abundant and water is produced as the
only by-product [21]. Therefore, the oxidative synthesis of nitriles
from alcohols and aqueous ammonia using molecular oxygen as
the oxidant is a highlight of green and sustainable chemistry. In
2009, Mizuno and co-workers prepared a heterogeneous Ru(OH)x/
Al2O3 catalyst for the directly nitriles synthesis from alcohols [22].
This transformation opened up a new avenue for the green nitrile
synthesis, but excess aqueous ammonia was required under 6 atm
of air pressure at 120 �C. Subsequently, Ishida et al. reported MnO2-
catalyzed oxidation of alcohols to nitriles under pressured oxygen
and NH3 gas at 100 �C [23]. Very recently, a major advance in the
nitrile synthesis using heterogeneous catalysts was made by
Beller’s and Gao’s group [24–26]. For the homogenous catalysts,
few works have been successfully developed and most of them
were Cu/TEMPO catalyst systems which have been proven to be
powerful promoter for the conversion of alcohols to the
corresponding aldehydes and ketones under aerobic condition
[27]. In 2013, Huang described a CuI/TEMPO/bpy catalyst system
for the preparation of nitriles from alcohols in the presence of pure
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Table 1
Optimization of the reaction conditions for the conversion of benzyl alcohol into
benzonitrile.a

Entry

Catalyst Ligand Additive Solvent Yield (%)b

1 – – 3 CH3CN 0
2 CuCl – - CH3CN 0
3 CuCl – 3 CH3CN 41
4 CuCl Et3N 3 CH3CN 67
5 CuCl DBU 3 CH3CN 58
6 CuCl DMAP 3 CH3CN 82
7 CuCl Bipy 3 CH3CN 89
8 CuCl DABCO 3 CH3CN 92
9 CuBr2 DABCO 3 CH3CN 83
10 CuCl2 DABCO 3 CH3CN 79
11 Cu(OAc)2 DABCO 3 CH3CN 80
12 Cu(NO3)2 DABCO 3 CH3CN 85
13 Cu(OTf)2 DABCO 3 CH3CN 88
14 CuI DABCO 3 CH3CN 90
15 CuCl DABCO 4 CH3CN 95
16 CuCl DABCO 4 DMSO 89
17 CuCl DABCO 4 DMF 80
18 CuCl DABCO 4 Dioxane 25
19 CuCl DABCO 4 Toluene trace
20c CuCl DABCO 4 CH3CN 0

a Reaction conditions: 1 mmol of benzyl alcohol, 5 mol% copper catalyst, 5 mol%
additive, 10 mol% ligand, 3.0 equiv. of aq. NH3 (25%–28%, w/w), 2 mL of solvent, air
balloon, r.t., 24 h.

b Isolated yield.
c Under N2.

Scheme 2. Oxidative conversion of alcohols to nitriles.
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oxygen [28]. Tao reported Cu(NO3)2/TEMPO-catalyzed aerobic
ammoxidation of alcohols to nitriles in DMSO at 80 �C under O2

[29]. Muldoon employed Cu(OTf)2/TEMPO/bpy in the transforma-
tion of alcohols to nitriles using air instead of pure oxygen [30].
Despite the advantages of these protocols, the use of pure oxygen
or expensive ligand has limited their application in synthetic
chemistry. Very recently, Batra et al. also reported a facile method
for the synthesis of nitriles from primary alcohols catalyzed by Fe
(NO3)3 in the presence of TEMPO [31]. In this context, our group is
particularly interested in Cu/TEMPO catalytic systems and its
application in nitrile synthesis. It is still highly desirable to develop
an efficient, safe, and more practical catalyst system for the
oxidative synthesis nitriles from alcohols under ambient con-
ditions. Moreover, as reported that 4-hydroxy-2,2,6,6-tetramethyl-
piperidyl-1-oxy (4-HO-TEMPO) was cheaper and more active than
TEMPO in the aerobic oxidation of alcohols [32,33]. Herein, we
report a highly practical CuCl/DABCO/4-HO-TEMPO catalyst
system for the direct synthesis of nitriles from alcohols and
aqueous ammonia with air as the oxidant at room temperature
(Scheme 1). This approach exhibits broad substrate scope and a
variety of nitriles are obtained in moderate to good yields.

Initially, we employed benzyl alcohol (1a) as model substrate to
optimize the reaction conditions in the presence of air at room
temperature. The optimal results including catalyst, ligand,
additive and solvent were summarized in Table 1. As shown in
Table 1, copper salt and TEMPO were crucial for the reaction, and
no benzonitrile was observed in the absence of CuCl or TEMPO
(Table 1, entries 1 and 2). In order to improve the stability and
chemoselectivity of the catalyst system, the influence of different
N-containing ligands such as Et3N, 1,8-diazabicyclo[5.4.0]undec-7-
ene (DBU), N,N-dimethylpyridin-4-amine (DMAP), 2,20-bipyridine
(Bpy) and 1,4-diazabicyclo[2.2.2]octane (DABCO) were investigat-
ed (Table 1, entries 3–8). To our delight, DABCO turned out to
perform best in the model reaction, and an exciting isolated yield
of 2a was obtained in 92%. Next, we tested other copper salts such
as CuBr2, CuCl2, Cu(OAc)2, Cu(NO3)2, Cu(OTf)2 and CuI, all of them
gave good yield of 2a (Table 1, entries 9–14). Notably, CuCl showed
higher catalytic reactivity in combination with DABCO and TEMPO.
When 4-HO-TEMPO (4) was used instead of TEMPO (3), the desired
product 2a was provided up to 95% yield (Table 1, entry 15). Then,
we explored the influence of various solvents on this reaction. It
was found that CH3CN showed the best efficiency compared with
other solvents such as DMSO, DMF, dioxane and toluene (Table 1,
entries 16–19). However, the desired product was not observed
when the reaction was carried out under nitrogen, indicating that
the importance of molecular oxygen as the terminal oxidant
(Table 1, entry 20).

With the optimal reaction conditions in hand, the substrate
scope and the limitation of this catalytic system were explored and
the results were summarized in Scheme 2. It was observed that
both electron-donating groups and electron-withdrawing groups
were well tolerated in the reactions. As shown in Scheme 2,
primary benzylic alcohols bearing electron-donating groups such
as methyl, methoxyl, tert-butyl gave the desired products in
Scheme 1. Synthesis of nitriles from alcohols and aqueous ammonia.
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excellent yields (Scheme 2, 2b–2e). However, the electron-
withdrawing groups such as –F, –Cl, Br, –NO2, –CF3 and –OCF3
substituted benzylic alcohols provided comparably low yields of
the corresponding nitriles (Scheme 2, 2f–2m). Of particular note
was that benzylic alcohols bearing thioether and acetyl amino
functional groups were smoothly converted into the desired
products in 88% and 90% yields, respectively (Scheme 2, 2n and 2o).
For the disubstituted and trisubstituted benzylic alcohols, they
were also suitable in this transformation with good efficiency
(Scheme 2, 2p–2t). It was noteworthy that 4-phenylbenzonitrile,1-
naphthylnitrile and 2-naphthylnitrile were obtained in moderate
-TEMPO-catalyzed oxidative synthesis of nitriles from alcohols with
17.10.036
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Scheme 3. Proposed reaction mechanism.
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to good yields (Scheme 2, 2u–2w). In the case of cinnamyl alcohol,
it could be also oxidized to the desired product in 76% isolated yield
(Scheme 2, 2x). In addition, diverse heterocyclic alcohols were
tested successively and the corresponding nitriles were obtained in
73%-94% yields (Scheme 2, 2y–2ad). Unfortunately, aliphatic
alcohol was failed to afford the desired product under standard
conditions (Scheme 2, 2ae). The experiment section and NMR
spectra (1H and 13C) of 2 are provided in Supporting information.

Based on these results and literatures reported about Cu/
TEMPO catalyst system for the aerobic alcohol oxidation [34], a
plausible mechanism of the oxidative synthesis of nitriles directly
from primary alcohols is presented in Scheme 3. Firstly, aerobic
oxidation of LnCuI (A) and 4-HO-TEMPOH affords LnCuII-OH (C)
species and 4-HO-TEMPO. Then, the primary alcohol coordinates to
the copper catalyst center to generate LnCuII–alkoxide species (D).
Subsequently, the intermediate D is oxidized by 4-HO-TEMPO to
form aldehyde 3 and A. Next, the aldehyde 3 reacts rapidly with
ammonia to give the imine immediate 4, which undergoes a
second oxidative dehydrogenation to afford the nitrile product 2.

In summary, we have reported a highly efficient CuCl/DABCO/4-
HO-TEMPO catalyst system for the oxidative synthesis of nitriles
from alcohols and aqueous ammonia in the presence of air at room
temperature. This catalytic system exhibits broad substrate scope
Please cite this article in press as: Y. Hu, et al., Practical CuCl/DABCO/4-HO
air as oxidant, Chin. Chem. Lett. (2017), https://doi.org/10.1016/j.cclet.20
and various nitriles are obtained in moderate to excellent yields. In
addition, a plausible reaction mechanism has been proposed and
further applications of this catalytic system are under way in our
laboratory.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.cclet.2017.10.036.
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