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A simple, practical and efficient copper-catalyzed method for
synthesis of aromatic carboxylic acids has been developed. The
protocol uses inexpensive Cul/L-proline as the catalyst/ligand,
and readily available aryl halides and malononitrile as the
starting materials, and the corresponding aromatic carboxylic
acids were obtained in moderate to good yields. The method is of
tolerance towards functional groups in the substrates.

Aromatic carboxylic acids and their derivatives are ubiquitous
in the world." Oxidation of various substituted arenes is a
common strategy for synthesis of aromatic carboxylic acids.
The traditional methods include oxidation of alkyl arenes,” aryl
alcohols® and aldehydes,* oxidative cleavage of aromatic
alkenes,” alkynes,**® diols,’ and diketones,® and these
oxidative protocols are often incompatible with many
functional groups because of the participation of special
oxidants. The reactions of arylmetallic reagents with carbon
dioxide that lead to aromatic carboxylic acids have attracted
much attention. Grignard® and organolithium reagents'® are
strong nucleophiles that react with CO, directly to form
valuable carboxylic acids and their derivatives. However, their
poor functional group compatibility ultimately limits their use.
Recently, transition metal-catalyzed carboxylation of arylzinc''
and arylboron compounds'? with CO, has made great
progress, and these methods provided a new access to various
functionalized aromatic carboxylic acids. However, the expensive
arylzinc and arylboron reagents need previous preparation or
are purchased. Obviously, the direct carboxylation of readily
available aryl halides is an appealing approach to aromatic
carboxylic acids. Mild palladium-catalyzed carboxylation of
haloarenes with CO has been developed, and reaction efficiency
highly depends on the expensive catalysts and ligands."
Considering the ready availability and low toxicity of copper-
catalysts and their ligands,'* the development of a cheaper
copper-catalyst system enabling easy carboxylation of aryl
halides has become an important goal to us. In continuation of
our endeavors to develop copper-catalyzed cross couplings,'®
herein we report a simple, practical and efficient copper-catalyzed
one-pot synthesis of aromatic carboxylic acids from aryl halides
and malononitrile via sequential Ullmann-type coupling, aecrobic
oxidation and hydrolysis.
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Before, Muria reported that the couplings of aryl halides
with malononitrile under nitrogen atmosphere provided the
corresponding C-arylation products (Fig. 1, eqn (1)). Here, we
want to investigate cascade reactions of the two substrates to
give the aromatic carboxylic acids under air (Fig. 1, eqn (2)).

At first, 1-iodo-4-methylbenzene was chosen as the model
substrate to optimize reaction conditions including carbon
sources (C sources), catalysts, ligands, bases and solvents. As
shown in Table 1, four C sources (2 equiv.) were tested in
DMSO at 140 °C under air applying 20 mol% of Cul as the
catalyst, 20 mol% of L-proline as the ligand and 2 equiv. of
Cs,CO;3; as the base (relative to the amount of 1-iodo-4-
methylbenzene) (entries 1-4), and malononitrile provided
4-methylbenzoic acid in the highest yield (55%) after 48 h
reaction (entry 1). K,COj; (entry 5) and K5PO, (entry 6) were
used as the bases, and they showed weaker activity than
Cs,COj3. Other ligands were also investigated (entries 7-11),
and r-proline gave the highest yield (entry 1). The cascade
reaction provided 4-methylbenzoic acid in 42% vyield in the
absence of ligand (entry 12). Copper salts, CuBr and CuCl,,
were screened (entries 13 and 14), and Cul was proven to be a
better choice (entry 1). A lower yield was provided when DMF
replaced DMSO as the solvent (entry 15). We attempted one-
pot two-step reactions of 1-iodo-4-methylbenzene with
malononitrile as follows: the Ullmann-type coupling of
l-iodo-4-methylbenzene with malononitrile (entry 16), ethyl
2-cyanoacetate (entry 17) or diethyl malonate (entry 18) firstly
produced the corresponding C-arylation product at 130 °C
under nitrogen atmosphere for 24 h, and then an aerobic
oxidation process was performed at 140 °C under air for
12 h (see Schemes 1 and 2). The one-pot two-step strategy
provided the target product in slightly higher yields (compare
entries 1-3 and 16-18), and the results showed that
malononitrile was the best C source (entry 16). Addition of
extra water led to lower yields (entries 19 and 20), and one
possible reason was that malononitrile could be hydrolyzed
before C-arylation.

The scope of copper-catalyzed carboxylation of aryl halides
was investigated under two optimized conditions (Method A:
using 20 mol% of Cul as the catalyst, 20 mmol% of L-proline
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Fig. 1 Reactions of aryl halides with malononitrile under N, or air.
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Table 1 Copper-catalyzed synthesis of 4-methylbenzoic acid via
coupling of 1-iodo-4-methylbenzene with malononitrile followed by
aerobic oxidation and hydrolysis: optimization of conditions®

Condition A

(i) cat., ligand, base
solvent, air, 140 °C

@. + Csouce (MIMHCI 00
2 Condition B H

1a (i) cat., ligand, base 3a
solvent, No, 130 °C
(i) air, 140 °C

(iii)1MHCI
o O
CN N
chOE‘ )J\/lk oA on
2d
ra- L) Q Q
[¢} H COOH COOH

A

G (5 4

Csource= NG~

COOH

Entry 2 Cat. L Base Solvent Yield? (%)
1° 2a  Cul A Cs;CO; DMSO 55
2° 2b  Cul A Cs,CO; DMSO 44
3b 2¢  Cul A Cs,CO; DMSO 37
4P 2d  Cul A Cs,CO;  DMSO 0
5t 2a  Cul A K,CO,4 DMSO 49
6" 2a  Cul A KsPO, DMSO 46
7° 2a  Cul B Cs,CO;  DMSO 51
8b 2a  Cul C Cs,CO; DMSO 53
9° 2a  Cul D Cs,CO; DMSO 39
10° 2a  Cul E Cs,CO; DMSO 52
11° 2a  Cul F Cs,CO; DMSO 43
12 2a  Cul —  Cs,CO; DMSO 42
138 2a  CuBr A Cs,CO; DMSO 52
140 2. CuCl, A  Cs,CO; DMSO 47
15° 2a  Cul A Cs,CO;  DMF 45
16° 2a  Cul A Cs,CO; DMSO 61
17¢ 2b  Cul A Cs,CO; DMSO 47
18¢ 2¢c  Cul A Cs,CO; DMSO 41
19¢ 2a  Cul A Cs,CO; DMSO  54°
20¢ 2a  Cul A Cs,CO; DMSO 50

“ Reaction conditions: 1-iodo-4-methylbenzene (1 mmol), catalyst
(0.2 mmol), ligand (0.2 mmol), 2 (2 mmol), base (2 mmol), solvent
(2mL). ® Condition A: reaction temperature (140 °C) in a sealed Schlenk
tube with an air balloon (1 atm.). Reaction time (48 h). ¢ Condition B:
reacted 24 h at 130 °C in a sealed Schlenk tube with an N, balloon
(1 atm.), and then reacted for 12 h at 140 °C under air. ¢ Isolated
yield. ¢ Addition of 1 equiv. of water. / Addition of 2 equiv. of water.

CN
C|~©—< m@com
4 CN
cat., base Yield 3k
20 mol% Cul, 2 equiv Cs,CO3 83%
20 mol% Cul, 1 equiv Cs,CO4 25%
20 mol% Cul 0%
10 mol% Cul, 2 equiv Cs,CO; 80%
0.5 mol% Cul, 2 equiv Cs,CO;3 77%
2 equiv Cs,CO3 68%

(i) cat., base, DMSO, H,O
air, 140°C, 12 h

(i) 1M HCl

Scheme 1 Investigation on effect of catalyst and base for synthesis of
aromatic carboxylic acids.

as the ligand, 2 or 3 equiv. of Cs,COj as the base and DMSO as
the solvent at 140 °C under air; Method B: using 20 mol% of
Cul as the catalyst, 20 mmol% of L-proline as the ligand, 2 or 3
equiv. of Cs,COj3 as the base and DMSO as the solvent. The
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Scheme 2 Possible reaction mechanism for synthesis of aromatic
carboxylic acids.

first step reaction was performed at 130 °C for 24 h under
nitrogen atmosphere, and the second step reaction was carried
out at 140 °C for 12 h under air). As shown in Table 2, the
examined substrates provided the corresponding aromatic
carboxylic acids in moderate to good yields. Method B
provided slightly higher yields than Method A, and a possible
reason is that the copper-catalyzed Ullmann-type couplings of
aryl halides with malononitrile are more efficient under nitrogen
atmosphere (see reaction mechanism in Scheme 2). However,
the experimental procedure of Method A was more convenient.
For the aryl halides, the substrates containing electron-
withdrawing groups showed higher reactivity than ones
containing electron-donating groups, and the aryl iodides
provided higher yields than the aryl bromides. Alkyl groups
on aromatic rings were not oxidized although the cascade
reactions underwent oxidation process during the formation
of the aromatic carboxylic acids (see reaction mechanism in
Scheme 2). The carboxylation of the aryl halides could tolerate
various functional groups including ether, C—Cl bond, C—Br
bond, CF; group, carboxyl and heterocycle.

In order to explore the carboxylation mechanism of aryl
halides, the following control experiments were performed
under our standard condition as shown in Scheme 1. Affect
of the copper-catalyst and base was investigated in DMSO
(with trace amount of water) under air at 140 °C for synthesis
of 4-chlorobenzoic acid (3k) from 2-(4-chlorophenyl)
malononitrile (4). Treatment of 4 provided 3k in 83% yield in
the presence of 0.2 equiv. of Cul and 2 equiv. of Cs,COs3, and
product 3k was obtained in 68% yield in the absence of Cul.
Yields greatly decreased with reduction of Cs,COs;, however,
amount of Cul showed insensitivity. A possible mechanism for
the carboxylation of aryl halides was suggested as shown in
Scheme 2. First, aryl halide and malononitrile undergoes
Ullmann-type coupling to give the C-arylation product (I),'®
then hydrolysis of CN'7 and oxidization of tertiary C-H in I by
oxygen in air in the presence of base (Cs,COs) provides II, and
desorption of HCOOCSs in II transfers into III. Hydrolysis or
oxidization of III by oxygen in air affords IV in base medium,
and acidification of IV with 1 M HCl gives the target product (3).

In summary, we have developed an efficient copper-
catalyzed method for synthesis of aromatic carboxylic acids.
The protocol uses inexpensive Cul/L-proline as the catalyst/
ligand, and readily available aryl halides and malononitrile as
the starting materials, the cascade reactions underwent
sequential Ullmann-type coupling, aerobic oxidation and
hydrolysis, and the corresponding aromatic carboxylic acids

This journal is © The Royal Society of Chemistry 2011
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Table 2 Copper-catalyzed synthesis of aromatic carboxylic acids®

Method A

(i) Cul/L-proline, Cs,CO;
DMSO, air, 140 °C, 48 h

X " COOH
R_:(j/ + NC__CN (ii) 1M HCI R X
Z 2a Method B %
1 (i) Cul/L-proline, Cs,CO3 3
DMSO, Ny, 130°C, 24 h
(ii) air, 140 °C, 12 h
(iii) 1M HCI
@COOH OOH COOH
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:
.
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&
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e
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w
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o

X =1, 47% (60%)
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=
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“ Reaction conditions: aryl halide (1 mmol), Cul (0.2 mmol), L-proline
(0.2 mmol), malononitrile (2 mmol), Cs,CO; (3 mmol for 30 and 3p,
2 mmol for others), DMSO (2 mL). For Method A, reaction
temperature (140 °C) in a Schlenk tube with an air balloon (1 atm.).
Reaction time (48 h). For Method B, 24 h at 130 °C in a sealed Schlenk
tube under nitrogen atmosphere, and then 12 h at 140 °C under air.
Isolated yield from Method A (the data in parentheses are the isolated

yields from Method B).

were obtained in moderate to good yields. The method is of
tolerance towards various functional groups in the substrates,
and the synthesis of the aromatic carboxylic acids will attract
much attention in industrial and academic researches because

of their wide application in various fields.
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