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Abstract: A copper-catalyzed reaction of phenyl-
acetic acids with urea was found to afford benzoni-
triles under an oxygen atmosphere. This reaction
proceeds smoothly by a sequence of decarboxyla-
tion, dioxygen activation, C—H bond functionaliza-
tion, and nitrile formation with urea as the nitrogen
source. Molecular oxygen was found to play a cru-
cial role in this transformation. This reaction repre-
sents a novel protocol for the formation of benzoni-
triles in an environmental friendly way and with
good functional group tolerability.
Keywords: copper; decarboxylation; nitriles;
oxygen; phenylacetic acids

Transition metal-catalyzed decarboxylative couplings
have attracted much attention in light of the readily
accessible starting materials, simple operation and
gaseous by-product (CO, as the only by-product).
Among all of the decarboxylative coupling reactions,
copper-catalyzed coupling reactions have lots of ad-
vantages over the prevailing palladium ones due to
the ready availability, low price, less toxicity and eco-
friendly properties of the metal;!'" yet copper-cata-
lyzed decarboxylative coupling reactions!*” are rela-
tively rare compared to the well-developed Pd-cata-
lyzed decarboxylative coupling reactions. And transi-
tion metal-catalyzed decarboxylation at sp*-hybridized
carbon atoms for the introduction of functional
groups remains a significant challenge.

Aromatic nitriles are prevalent scaffolds in organic
synthesis, and as important intermediates, they can be
easily transformed into other functional groups, in-
cluding amides, amines, acids, aldehydes and hetero-
cycles,'™™ thus aromatic nitriles have been widely im-
plemented in pharmaceuticals, natural products and
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agricultural chemicals synthesis.*”! The Sandmeyer re-
action'®®*!% is the traditional method for the synthesis
of aromatic nitriles, yet toxic CuCN is required as the
cyanating agent; later on, dehydration approaches, for
example, oxidation of alcohols with ammonia,!"" de-
hydration of amides!">!* or aldoximes!"*!* were devel-
oped as alternative methods for aromatic nitriles.
More recently, transition metal-catalyzed cross-cou-
pling reactions between aromatic halides and a cyano
source have emerged as an attractive approach to aro-
matic nitriles,'">'® and non-metallic cyano sources are
especially attractive. Since the pioneer works of
Meyers!”? and GooBen,*'*! aromatic carboxylic
acids have emerged as a surrogate of aromatic hal-
ides, but transition metal-catalyzed syntheses of aro-
matic nitriles directly from carboxylic acids are still
rare.? 2 The existing methods either need explosive
chemicals or toxic cyano sources or strong acidic con-
ditions, thus the development of neutral, greener and
environment-friendly methods for aromatic nitrile for-
mation with molecular oxygen as oxidant and reagent
from readily available carboxylic acids is still a big
challenge in synthetic organic chemistry.

Molecular oxygen is the ideal terminal oxidant for
oxygenation, because of its abundance, inexpensive-
ness, and high atom efficiency. Recently, Chiba and
co-workers reported one reaction for benzonitrile for-
mation with a copper catalyst under an O, atmos-
phere (Scheme 1).*”) This reaction needs preinstalla-
tion of an azido group at the benzylic position. To the
best of our knowledge, there is no example describing
a direct decarboxylation of C(sp’) atoms and forma-
tion of C=N triple bonds simultaneously via a copper-
only-catalyzed decarboxylative coupling yet; herein
we present a novel aerobic decarboxylative reaction
to afford aromatic nitriles!"'**= from readily avail-
able phenylacetic acids and with urea as nitrogen
source in DMSO. This transformation proceeds
smoothly by a sequence of decarboxylation, dioxygen
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this reaction very practical and the scope of the toler-

Initially, phenylacetic acid (1a) was chosen to react
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Scheme 1. Chiba’s method for benzonitrile formation.

activation, C—H bond activation and ammoxidation of
phenylacetic acids to benzonitriles in good to excel-
lent yields. This reaction represents a novel protocol
for the formation of benzonitriles in an environmental
friendly way. Furthermore, the ready availability of
phenylacetic acids, urea and copper(II) salts makes

with urea under the Cu(OAc),/O, system as a model
reaction (Table 1). To our delight, benzonitrile was
obtained in 55% isolated yield (Table 1, entry 1) at
130°C in the presence of 20 mol% Cu(OAc), under
1 atm of O,. Other copper salts and transition metal
catalysts, such as Cu(OTf),, Cu(TFA),, Cu,O, CuBr,,
CuSO,, CuCl,, FeCl,, FeCl; and Pd(OAc), were inves-
tigated subsequently at 130°C (Table 1, entries 2-10),
among them, Cu(TFA), showed the highest efficiency
in this transformation (Table 1, entry 3). Further sol-

Table 1. Optimization of the reaction parameters.®!

o . j\ catalyst, solvent, CN
©/\g" HaN NH, temperature, time
1 2
Entry Catalyst Solvent ~ Temperature [°C] Time [h] Yield [%][]
1 Cu(OAc), (20 mol%) 0, DMSO (1mL) 130 20 71 (55)°
2 Cu(OTf), (20 mol%) 0, DMSO 130 20 69
Cu(TFA), (20 mol%) 0, DMSO 130 20 84
4 CuBr, (20 mol%) 0, DMSO 130 20 33
5 CuSOy (20 mol%) 0O, DMSO 130 20 81
6 Cu,0 (20 mol%) 0O, DMSO 130 20 75
7 CuCl, (20 mol%) 0O, DMSO 130 20 23
8 FeCl, (20 mol%) 0, DMSO 130 20 17
9 FeCl; (20 mol%) 0O, DMSO 130 20 36
10 Pd(OAc), (20 m%) 0, DMSO 130 20 11
11 Cu(TFA), (10 mol%) 0, DMSO 130 21 76
12 Cu(TFA), (10 mol%) 0O, DMSO 100 24 24
13 Cu(TFA), (10 mol%) 0, DMSO 120 24 60
14 Cu(TFA), (20 mol%) 0, DMSO 100 24 68
15 Cu(TFA), (20 mol%) 0, DMSO 120 24 98 (80)l°!
16 Cu(TFA), (20 mol%) 0O, DMF 120 23 32
17 Cu(TFA), (20 mol%) 0, toluene 120 23 45
18 Cu(TFA), (20 mol%) 0, H,O 130 24 39¢
19 Cu(TFA), (20 mol%) air DMSO 120 24 56
20  Cu(TFA), (20 mol%) N, DMSO 120 24 2
21 0O, DMSO 120 24 10
22 Cu(TFA), (20 mol%) 0, DMSO 120 24 5old]
23 Cu(TFA), (20 mol%) 0O, DMSO 120 24 4lel

[a]

Reaction conditions: phenylacetic acid (1a) (0.5 mmol), urea (3 equiv., 1.5 mmol), cata-

lyst, solvent (1 mL) in a sealed tube under the corresponding atmosphere.

Pl GC yields.

[ Isolated yields.

[ NH,OH as ammonia source.
[e]
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NH,Cl as ammonia source with 6% benzaldehyde formation.
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Table 2. Copper-catalyzed aerobic decarboxylative ammoxidation of phenylacetic acids to
benzonitriles.!

o CN
R S cooH Py CulfFAR/O2 o ™S
A T HNT UNH DMSO \F

CN OMe CN
MeO Me

2,24h,120°C,80%  3,25h,120°C, 77% 4,245 h, 120 °C, 76%
Me CN CN CN F CN
19 o ST
6, 24 h, 120 °C, 80% 7,26 h, 110 °C, 66% 9,38 h, 110 °C, 62%
@[CN cl CN
. o

10,26 h, 110°C,93% 11,38 h, 110 °C, 80%

Br CN D/CN
\©/ Br

14,38 h, 110 °C, 82% 15,24 h, 110 °C, 86%

o

5,35 h, 120 °C, 84%

4

8,26 h, 110 °C, 77%

on
Cl

12,26 h, 110°C,91% 13,26 h, 110 °C, 95%

16, 22 h, 120 °C, 90% 17,22 h, 120 °C, 96%

&

pd

c CN

18,26 h, 110 °C, 76% 19, 35 h, 120 °C, 88%

/©/CN Mer@/CN
NC F

22,24 h, 110 °C, 66% 23,24.5h,110 °C, 98%

C CN

o
Q

20, 5h, 100 °C, 50% 21,120 °C, 24.5 h, 20%

150 °C, 16 h, 56%
CN

Cl CN

2
Q

F
24,245 h, 110 °C, 82%

HO
25,16 h, 95 °C, 95%

o] Reaction conditions: 1 (0.5 mmol), Cu(TFA), (20mol%), urea (1.5 mmol), DMSO
(1.0 mL), O,, the reaction was monitored by TLC. All yields shown above are isolated

yields.

vent screening showed that DMSO is the best one for
this reaction (Table 1, entries 15-18). When O, was
replaced by air or N,, only 56% and 2% of the de-
sired product was formed, respectively (Table 1, en-
tries 19 and 20), and without a copper catalyst, only
10% of the product was obtained (Table 1, entry 21).
These results suggested that O, is essential for the
success of this transformation and Cu(TFA), and
DMSO also play crucial roles in this transformation.
When NH,OH and NH,Cl were used as ammonia
source (Table 1, entries 22 and 23), only 52% and 4%,
of benzonitrile were formed in the presence of
20 mol% Cu(TFA),, which is much lower than the
urea case (Table 1, entry 15). Eventually, the reaction
temperature and catalyst loading screenings suggested
that Cu(TFA), (20 mol%) at 120°C in DMSO (1 mL)
under an O, atmosphere could give the optimal result
(Table 1, entry 15).
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Having the optimized reaction conditions in hand,
the substrate scope of phenylacetic acids was explored
(Table 2). We found that the reaction yield was not af-
fected by the electronic nature of the phenylacetic
acids. Substrates with both electron-releasing groups
and electron-withdrawing groups gave the desired
products in good to excellent yields. The position of
the substituents on the aromatic ring of the phenyl-
acetic acids had no effect on the reaction efficiency
(Table 2, products 3/4, 5/6, 7-9, 10-12 and 13-15). It is
noteworthy that halo-substituted aryl groups survived
well, leading to halo-substituted aromatic nitriles
which could be used for further transformations
(Table 2, products 7-15). In addition, 1-naphthylacetic
acid and 2-naphthylacetic acid also reacted excellently
to give the corresponding naphthyl nitriles in 90%
and 96% vyields (Table 2, products 16 and 17). Tri-
fluoromethyl, fert-butyl, nitro and cyano groups are
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Table 3. Copper-catalyzed aerobic decarboxylative ammoxidation of heteroaromatic acetic

acids to the corresponding nitriles.”!

(o} CN
RS X COOH L Cu(TFA),/O2 R =
n e
! = + HzN NH2 DMSO ! —
= CN (/j/CN | x CN
|
Csr S N/

26,24 h, 120 °C, 45%

Cl N

29,19 h, 110 °C, 75%

27,21 h,120 °C, 53%

28,24 h, 120 °C, 55%
CN

Co

30,22 h, 120 °C, 77%

o] Reaction conditions: 1 (0.5 mmol), Cu(TFA), (20mol%), urea (1.5 mmol), DMSO
(1.0 mL), O,; the reaction was monitored by TLC. All yields shown above are isolated

yields.

also tolerable under the standard conditions (Table 2,
products 18-22), and the temperature played a key
role in the reaction to afford 4-nitrobenzonitrile.
When the reaction was conducted under the standard
conditions, the desired product was obtained in only
20% yield after 24 h heating, yet when the reaction
temperature was increased to 150°C, the yield was in-
creased to 56% after 16 h (Table 2, products 21). Sig-
nificantly, a free hydroxy group on the aromatic ring
of phenylacetic acid also survived under the standard
conditions and gave a 95% of the desired product.
(Table 2, 25) which is hard to synthesize by other
methods.

Heteroaromatic acetic acids were also transformed
well under the standard conditions, for example, thio-
phene-2-carbonitrile  (26), thiophene-3-carbonitrile
(27), nicotinonitrile (28), 6-chloronicotinonitrile (29),
and benzothiophene-3-carbonitrile (30) were obtained
from the corresponding acetic acids in 45%, 53%,
55%, 75% and 77% yields, respectively (Table 3,
products 26-30).

Control experiments have been investigated to
probe the mechanism of this copper-catalyzed aerobic
decarboxylative nitrile formation reaction. In the
presence of TEMPO, still 37% of benzonitrile (2) was
obtained, suggesting that this transformation might
not proceed by a radical pathway, but this still could
not be totally ruled out as the pathway [Eq. (1)].

o}

COOH
g * HZNJ\NHZ

CU(TFA)z, 02
TEMPO

_—

DMS0,120 °C, 24 h

©/CN )

2:37%
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Furthermore, the reactions of benzyl alcohol, 2-
oxo-2-phenylacetic acid, benzaldehyde and benzoic
acid with urea under the standard conditions were ex-
plored. In the case of benzyl alcohol, although the de-
sired product was detected, the yield was only 17%
[Eq. (2)], this is much lower compared to the result
under optimized conditions (80%, Table 1, entry 15),
so this result indicated that benzyl alcohol might be
involved in this process, but it is not a major inter-
mediate in this transformation.

0]

OH
g * HzN)LNHz

CU(TFA)z, 02

©/CN 2

17%

DMSO0,120 °C, 24 h

For benzoic acid, no desired benzamide was formed
at all, showing that benzoic acid is not an intermedi-
ate for this reaction [Eq. (3)].

0]

i

Cu(TFA),, O,

_— =

DMSO0,120 °C, 24 h

CN
Sl

0%

Yet benzaldehyde and 2-oxo-2-phenylacetic acid
gave 80% and 57% of benzamide, respectively
[Scheme 2, Eq. (4) and Eq. (5)]; and when phenylace-
tic acid was treated under the standard conditions
without urea, 16% of benzaldehyde was formed with
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80%
CN

(5)

DMSO,120°C, 24 h

57%
o}

(6)

16%

Scheme 2. Control experiments under standard conditions with urea.

o T o

oG

Scheme 3. Plausible reaction mechanism.

lots of starting material remaining [Scheme 2, Eq.
(6)]. Even though benzaldehyde was formed in low
yield under standard conditions, combining Eq. (4)
and Eq. (6), we can hypothesize that once benzalde-
hyde is formed, it will react with urea to afford benzo-
nitrile, thus pushing the whole reaction in the direc-
tion of the product. Based on previous reports and
the above results, a proposed reaction mechanism is
depicted in Scheme 3: phenylacetic acid was decar-
boxylated and oxidized into aldehyde in the presence
of copper(II) and O,, the ammonia surrogate reacted
with aldehyde with the help of molecular oxygen, and
after oxidative condensation, benzonitrile was ob-
tained (Scheme 3).

In conclusion, a Cu(II)/O, system that catalyzes the
oxidative decarboxylative ammoxidation of phenyl-
acetic acids and urea has been developed. This reac-
tion proceeds smoothly by a sequence of decarboxyla-
tion, dioxygen activation, C—H bond functionaliza-
tion, and nitrile formation with urea as the nitrogen
source. Molecular oxygen was found to play a crucial
role in this transformation. This reaction represents
a novel protocol for the formation of benzonitriles in
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0, @AOOCU Iy
}\ Cu(ll)-OH

(e}

"NHj" +
0, l
7N
Cu(l)  Cu(ll)
) SNH

an environmental friendly way and with good func-
tional groups tolerability. Further studies to elucidate
the reaction mechanism and the applications are cur-
rently underway in our laboratory.

Experimental Section

General Procedure for Benzonitrile Formation

A sealed pressure vessel was charged with phenylacetic acid
1 (68.0 mg, 0.5 mmol), Cu(TFA), (29 mg, 0.1 mmol), urea
(90 mg, 1.5 mmol), and DMSO (0.75 mL). The resulting so-
lution was stirred at 120°C under O, monitored by TLC and
GC) for 24 h. Upon completion of the reaction, ethyl ace-
tate (20 mL) was added, the organic layer was washed with
saturate NaHCO; (20 mL) solution twice, brine (20 mL)
once, the combined aqueous layers was extracted with ethyl
acetate (20 mL) twice. The combine organic layers were
dried over anhydrous Na,SO,. The solvents were removed
via a rotary evaporator and the residue was purified with
flash chromatography (silica gel, ethyl acetate: petroleum
ether=50:1) to give benzonitrile 2 as a colorless liquid;
yield: 41.2mg (80%). 'HNMR: (400 MHz, CDCL): 6=
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7.64-7.56 (3H, m), 7.47-7.43 (2H, m); *C NMR: (100 MHz,
CDCL,): 6=132.6, 131.9, 129.0, 118.6, 112.2.
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