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bstract

Carboxylation of benzenes with CO was successfully achieved by a combined catalytic system of Pd(OAc)2 with H5PMo10V2O40·nH2O

HPMo10V2) under the influence of O2 to form the corresponding benzoic acids in relatively high selectivity and moderate yields. The regioselec-
ivity in the carboxylation of alkylbenzenes with CO was dominated by the steric factor rather than the electronic effect of substituents. However,
he carboxylation of benzoic acid proceeded with high ortho-selectivity to give phthalic acid in preference to terephthalic acid, which shows
oordination of Pd species to the carboxyl group of benzoic acid.

2007 Elsevier B.V. All rights reserved.
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. Introduction

A stoichiometric direct carboxylation of benzene with CO
as first reported by Fujiwara et al. by the use of Pd(OAc)2 [1].
hereafter, they reported the Pd-catalyzed carboxylation of ben-
ene derivatives with CO using t-BuOOH [2] or K2S2O8 [3] as
eoxidants in trifluoroacetic acid. Recently, they have reviewed
he Pd(II)-catalyzed carboxylation of hydrocarbons with CO [4].
n the other hand, Nozaki et al. reported the Pd(OCOCF3)2-

atalyzed carboxylation of benzene with formic acid and
2S2O8 in a mixed solvent of CF3COOH and (CF3CO)2O

5]. Alternatively, the Pd(II)-catalyzed carboxylation of arenes
ike benzene with CO and O2 directly gives benzoic acid
erivatives, but it is still difficult to carry out despite their
mportance. Difficulty in achieving the carboxylation using CO
nd O2 is believed to be due to the fact that the PdCl2/CuCl2/O2
ystem often promotes not only the carboxylation but also
he oxidation of CO to CO2. We have recently found that

olybdovanadophospholic acids (HPMoV) serve as an efficient

eoxidation catalyst of the reduced Pd(0) to Pd(II) using O2
hich acts as a terminal oxidant. Thus, the carbomethoxylation
f alkenes with CO and O2 was achieved by Pd(OAc)2 using

∗ Corresponding author. Tel.: +81 6 6368 0793; fax: +81 6 6339 4026.
E-mail address: ishii@ipcku.kansai-u.ac.jp (Y. Ishii).
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PMoV as the reoxidation catalyst of the reduced Pd(0) [6].
e have found that Pd(OAc)2 combined with HPMoV is an

fficient catalytic system for the direct activation of the C–H
ond of arenes using molecular oxygen as the reoxidant. Thus,
he Heck–Mizoroki reaction of benzene with acrylate was first
chieved by using the Pd(OAc)2/HPMoV/O2 system [7]. By
he use of this catalytic system, the carboxylation of anisole
erivatives and biphenyl under a mixed gas of CO and O2 gave
he corresponding anisic acids and biphenyl carboxylic acid,
espectively, in fair to good yields [8,9], but the carboxylation
f benzene was difficult, giving benzoic acid in poor yield. We
ave now found that the catalytic activity for the carboxylation
f benzenes with CO by the Pd(OAc)2/HPMoV/O2 system is
arkedly dependent on the preparation method of HPMoV. In

his paper, we would like to report the direct carboxylation of
enzene (1a) to benzoic acid (2a) with CO and O2 by Pd(OAc)2
ombined with HPMoV (Eq. (1)).

(1)

mailto:ishii@ipcku.kansai-u.ac.jp
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Table 1
Carboxylation of benzene (1a) to benzoic acid (2a) with CO and O2 by Pd(II) combined with HPMo10V2·nH2O prepared by various methodsa

Entry Preparation method of
H5PMo10V2O40·nH2Ob

Conversion (%) Yield (%)

2ac 3a Others

1 A 50 26 0 24
2d A 90 42e(34)f 0 48
3 B 6.7 0.6 2.9 3.2
4 C 8.8 Trace 2.0 6.8
5 D 36 16 Trace 20
6 E 5.2 0.5 0.8 3.9

a 1a (2 mmol) was reacted in AcOH (5 mL) under CO (0.5 atm) and O2 (0.5 atm) by Pd(OAc)2 (0.1 mmol) and H5PMo10V2O40 (0.04 mmol) at 90 ◦C for 15 h.
b A: H5PMo10V2O40·26H2O prepared by Grate method. B: H5PMo10V2O40·15H2O prepared by Hallada method. C: H5PMo10V2O40·22H2O by Hallada method.

D: A part of H5PMo10V2O40·27H2O (1.7 g) obtained by recrystallization from aqueous solution of B (2.5 g). E: A part of H5PMO10V2O40·22H2O obtained from
filtrate of D.

c The yields after esterification with ethanol.
d For 60 h.
e Phthalic acid (2.5%) was formed.
f Isolated yield as ethyl benzoate.
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ig. 1. 31P NMR spectra of 100 mM of H5PMo10V2O40·26H2O prepared by
ethod A (in D2O, 25 ◦C).

. Results and discussion

Table 1 shows the carboxylation of benzene (1a) to ben-
oic acid (2a) with CO and O2 catalyzed by Pd(OAc)2 and
5PMo10V2O40·nH2O (HPMo10V2·nH2O) prepared by various
ethods.
1a (2 mmol) was allowed to react under a mixed gas of CO

0.5 atm) and O2 (0.5 atm) in the presence of catalytic amounts of
d(OAc)2 (0.1 mmol) and H5PMo10V2O40·nH2O (0.04 mmol)

n acetic acid (5 mL) at 90 ◦C for 15 h. It was found that the
arboxylation of 1a is considerably affected by the prepara-
ion method of HPMo10V2·nH2O. Fig. 1 shows the 31P-NMR
pectrum of H5PMo10V2O40·26H2O (A) prepared from H3PO4,
oO3, and V2O5 by the Grate method [10].
This shows a mixture of several molybdovanadophosphates

ith varying content of molybdenum and vanadium. It is
ell known that five geometrical isomers are present in the

o
a
(

Scheme 1. Products (4) obtained by carb
5PMo10V2O40·26H2O (A) and are difficult to separate from
ach other [10b,11]. The assignment of the 31P-NMR spectrum
as made by comparing the peaks with those of literature data

10b,12].
The reaction of 1a with Pd(OAc)2 combined with the cata-

yst A followed by esterification with ethanol afforded 2a as an
thyl ester in 26% yield and a complex mixture of dimeric and
olymeric products at 50% conversion of 1a (entry 1). After
sterification of these products with ethanol, their structures
ere identified by GC and GC–MS spectra (Scheme 1). Total
ields of these products were estimated at 5% and most of the
esidue was found to be polymeric products.

When the reaction was prolonged to 60 h, the yield of 2a
ncreased to 42% yield at 90% conversion of 1a (entry 2).
t is interesting to note that the same reaction carried out by
sing H5PMo10V2O40·15H2O (B) prepared from Na2HPO4,
a2MoO4, and NaVO3 by the Hallada method [13] gave phenol

3a) (2.9%) rather than 2a (0.6%) as a major product, although
he 31P-NMR spectrum of B was almost the same as that of A
entry 3). In order to examine the effect of the crystal water in

on the carboxylation, we prepared H5PMo10V2O40·22H2O
C) by the Hallada method and examined the carboxylation by
he use of the catalyst C. However, C gave a result similar to B
entry 4). This indicates that the reaction is not affected by the
rystal water.
We next tried to purify the catalyst B by recrystallization in
rder to know the effect of the preparation method on the cat-
lytic performance. The catalyst B (2.5 g) was dissolved in water
ca. 15 mL) at 40 ◦C and then the solution was allowed to stand

oxylation of 1a with CO and O2.
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ig. 2. Effect of AcONa on the reaction of 1a by the catalyst A under the same
onditions as entry 1 in Table 1.

t room temperature overnight to form H5PMo10V2O40·27H2O
D) (1.7 g) as a light brown crystal. After removal of D, the
ltrate was evaporated to dryness under reduced pressure to
ive a brown solid corresponding to H5PMo10V2O40·22H2O
E). Thus, the reaction was examined by the use of the cata-
ysts D and E. In contrast to entry 2 using the catalyst B where
henol 3a was formed in preference to benzoic acid 2a, the reac-
ion by the purified catalyst D gave 2a in 16% yield (entry 5),
hile the catalyst E recovered from the filtrate gave almost the

ame result as B did (entry 6). The fact that the carboxylation
as rather improved by the use of the D obtained by recrystal-

ization of B indicates that a certain impurity, which probably
nhibits the carboxylation, is removed from the parent catalyst
. In fact, the reaction was inhibited by the catalyst E obtained

rom the filtrate containing the impurity. On the basis of these
esults, sodium ion seems to be a dominant candidate to inhibit
he present carboxylation, since the HPMo10V2·nH2O prepared
y the Hallada method is based on sodium salts of molybdenum
nd vanadium. In addition, by the catalyst A prepared by the
rate method from sodium-free materials, H3PO4, MoO3, and
2O5, promoted efficiently the carboxylation of 1a–2a as shown

n entry 1. These results suggest that the sodium ion appears to
nhibit the carboxylation and to control the selectivity of 1a to
a or 3a.

In order to obtain further insight into the effect of the sodium
on on the present reaction, we conducted the reaction by adding
cONa to the catalyst A under the same conditions as entry 1

n Table 1 (Fig. 2).
It is interesting that the reaction caused by Pd(OAc)2 com-

ined with the catalyst A was found to be markedly influenced
y adding AcONa, and the formation of phenol 3a was increased
ith increase in the additive AcONa, in contrast to the decrease

n the formation of benzoic acid 2a. These results indicate that
he sodium ion affects considerably the catalytic activity of the
d(OAc)2/HPMo10V2 catalytic system. In a previous paper, we
eported that the direct hydroxylation of benzene 1a to phenol
a by H7PMo8V4O40·nH2O is facilitated in the presence of a

mall amount of AcONa under similar reaction conditions [14].
herefore, the formation of phenol 3a by the present catalytic
ystem may be due to the catalysis of the HPMo10V2·nH2O in
he presence of AcONa. It is thought that the C-H bond activa-

T
o
r
b

ig. 3. Time-dependence curves for carboxylation of 1a to 2a by
d(OAc)2/HPMoV under the same conditions as entry 1 in Table 1.

ion of benzene needed for the carboxylation by the Pd species
ecomes difficult to be induced by sodium ions.

Fig. 3 shows the time-dependence curve of the carboxylation
f 1a to 2a catalyzed by Pd(OAc)2 and HPMo10V2·26H2O (A)
n acetic acid at 90 ◦C.

From the time-dependence curve, it was found that the car-
oxylation proceeds relatively slowly and the selectivity of
a–2a was around 50% in the course of the reaction.

On the basis of these results, the carboxylation of
lkylbenzenes 1 was carried out by using Pd(OAc)2 and
PMo10V2·26H2O (A) under various reaction conditions

Table 2).
Toluene (1b) was allowed to react under the same conditions

s entry 1 in Table 1, forming the corresponding carboxylated
roducts which consist of a regioisomeric mixture of o-2b, m-2b,
nd p-2b in a ratio of 17:32:52 in 41% yield (89% selectivity)
t 48% conversion (entry 1). The selectivity in the carboxy-
ation of 1b–2b was higher than that of benzene 1a to 2a.
his is believed to be due to the difficulty in forming dimeric
roducts owing to its steric factor. To obtain the information
f methyl substituents on the carboxylation, we conducted the
eaction of o-, m-, and p-xylenes (1c–e) (entries 2–4). The
eaction of 1c gave 3,4-dimethylbenzoic acid (2c3,4) and 2,3-
imethylbenzoic acid (2c2,3) in a 90:10 ratio in 49% yield (89%
electivity). This shows that the geometry of the methyl group
s a dominant factor to determine the regioselectivity of the car-
oxylation. The carboxylation of 1d was found to be slightly
ifficult compared with that of 1c to give a 62:38 mixture of 3,5-
nd 2,4-dimethylbenzoic acids (2d3,5 and 2d2,4) in 34% yield
87% selectivity) (entry 3). In contrast to the carboxylation of
c and 1d, p-xylene (1e) afforded 2,5-dimethylbenzoic acid (2e)
n a slightly lower selectivity (65%), probably because of the
teric hindrance of the methyl substituent (entry 4). The car-
oxylation of 1,3,5-Trimethylbenzene (1f) was sluggish to form
,4,6-trimethylbenzoic acid (2f) in low yield (14%) (entry 5).

hese results indicate that the geometry of methyl substituents
n the benzene ring have a dominant factor to control both the
eactivity and the selectivity of substrates in the present car-
oxylation. The carboxylation of ethylbenzene (1g) was similar
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Table 2
Carboxylation of alkylbenzenes with CO and O2 by Pd(OAc)2 combined with HPMo10V2 (A) under various conditionsa

Entry Ar–H AcOH (mL) Temperature (◦C) Time (h) Conversion (%) Products yield (%)b

1 9 90 15 48 41 [89]c (17:32:51)d

2 9 90 15 55 49 [89]c (10:90)e

3 9 90 15 39 34 [87]c (0:62:38)f

4 9 90 15 40 26 [65]c

5 7 90 30 15 14 [93]c

6 7 90 15 42 35 [83]c (6:38:56)d

7 9 90 15 46 37 [83]c (0:46:54)d

8 1 110 15 68 46 [68]c (77:20:3)d

a 1 (2 mmol) was reacted under CO (0.5 atm) and O2 (0.5 atm) by Pd(OAc)2 (0.1 mmol) and HPMo10V2 (0.04 mmol) in acetic acid (AcOH) at 90 ◦C for 15 h.
b GC yields.
c

t
a
I
b
3
e
b
z
8
p
o
o
[

i
(

t
[

t
t

Selectivity (%) = yield of 2 (%)/conversion of 1 (%).
d Ratio of ortho:meta:para isomers.
e Ratio of 2,3- to 3,4-dimethylbenzoic acids.
f Ratio of 2,6- to 3,5- to 2,4-dimethylbenzoic acids.

o that of toluene 1b to lead to a 6:38:56 mixture of o-, m-,
nd p-ethylbenzoic acid (2g) in 35% yield (83% selectivity).
n the carbonylation of tert-butylbenzene (1h), m- and p-tert-
utylbenzoic acids (m-2h and p-2h) (46:54) were obtained in
7% yield (83% selectivity) as expected (entry 7). It is inter-
sting to note that the regioselectivity in the carboxylation of
enzoic acid (1i) was entirely different from that of alkylben-
enes to give phthalic acid (o-2i) in higher regioselectivity (entry
). This indicates that the carboxyl group in 1i triggers the

resent Pd-catalyzed carboxylation reaction. This effect based
n the coordination of the substituent on the benzene ring is
ften observed in the Pd and Ru-catalyzed coupling reactions
15].

e
s
a
r

The present carboxylation of benzenes under CO and O2
s considered to proceed through the following reaction path
Scheme 2).

The carboxylation is thought to proceed in a similar way
o the carboxylation of anisole reported in our previous paper
8].

The reaction is initiated by the substitution of hydrogen on
he benzene ring with Pd(OAc)2 followed by the insertion of CO
o form an aroylpalladium species. The subsequent reductive

limination of Pd(0) and aroyl acetate from the aroylpalladium
pecies leads to benzoic acid. The Pd(0) is reoxidized by the
ction of [HPMo10V2]ox. and the reduced [HPMo10V2] red. is
eoxidized with O2.
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Scheme 2. A pl

. Experimental

.1. General

All starting materials were commercially available and used
ithout any purification. GLC analysis was performed with a
ame ionization detector using a 0.2 mm × 25 m capillary col-
mn (BP-5). 1H and 13C NMR were measured at 270 and
7.5 MHz, respectively, in CDCl3 with Me4Si the internal stan-
ard. 31P NMR was measured at 109.25 MHz with 85% H3PO4
n sealed capillary as the external standard. Heteropoly acids
ere prepared according to the method reported in literatures

10,11]. The crystal water content of the heteropoly acid was
alculated according to DTA/TG.

.2. Preparation of H5PMo10V2O40·26H2O (A: by Grate
ethod) [10]

To a suspension of V2O5 (15 mmol, 2.73 g) and MoO3
150 mmol, 2.16 g) in 50 mL of water, 85% H3PO4 (15 mmol,
.47 g) was added with stirring. The mixture was stirred at
30 ◦C for 2 h. After the reaction, the resulting red supernatant
olution was decanted from gray solid. After evaporation of
he solvent, the product was obtained by recrystallization from
ater.

.3. Preparation of H5PMo10V2O40·nH2O (B–E: by
allada method) [11]

Na2HPO4 (5 mmol, 1.79 g) was dissolved in 10 mL of water
nd mixed with NaVO3 (20 mmol, 2.4 g) in 10 mL of water.
2SO4 (0.5 mL) was added slowly to the reaction mixture. To

his mixture was added Na2MoO4 (55 mmol, 12.1 g) dissolved
n 20 mL of water. Then, H2SO4 (8.5 mL) was added slowly with
igorous stirring of the solution. After 10 min, the resulting red
olution was extracted with 3× 20 mL of diethyl ether. The dark-
ed etherate layer was concentrated under reduced pressure to
ive the solid, H5PMo10V2O40·15H2O (B). Addition of small

mount of water (ca. 2 mL) to B (1.0 g) followed by evaporation
nder reduced pressure gave H5PMo10V2O40·22H2O (C). The
(2.5 g) was dissolved in water (ca. 15 mL) at 40 ◦C and then the

olution was allowed to stand at room temperature overnight to

R
s
a
L

e reaction path.

orm H5PMo10V2O40·27H2O (D) (1.7 g) as a light brown crys-
al. After removal of the D, the filtrate was evaporated to dryness
nder reduced pressure to give a brown solid corresponding to
5PMo10V2O40·22H2O (E).

.4. A typical procedure for the carboxylation of 1a

To an AcOH solution (5 mL) of Pd(OAc)2 (0.1 mmol) and
5PMo10V2O40·nH2O (HPMo10V2) (0.04 mmol) was added to
a (2 mmol). Then, the reaction mixture was stirred at 90 ◦C
or 15 h under a 1:1 mixed gas (1 atm) of CO and O2. After the
eaction, the reaction mixture was subjected to GC measure-
ent to estimate the conversion of 1a. The reaction mixture was

vaporated under reduced pressure to remove unreacted 1a and
cetic acid. The residue was extracted with 1 M NaOH (8 mL)
nd added isopropyl ether (5 mL). The water layer separated was
cidified by aqueous H2SO4 and then extracted with isopropyl
ther. After evaporation of ether, the residue was subjected to
sterification with ethanol (5 mL) acidified with H2SO4 (0.1 g)
nder refluxing overnight. The evaporation of ethanol and then
he distillation by Kugelrohr gave ethyl benzoate in 34% isolated
ield. Products other than ethyl benzoate were determined by the
C and GC–MS analyses. The conversions and yields of prod-
cts were estimated from the peak areas based on the internal
tandard technique using GC. The products were commercially
vailable and the structures were confirmed by comparison of
heir 1H and 13C NMR.

The compounds 2a [16], 2b [17], 2c–e [18], 2f [19], 2g–h
16], 2i [17], and 3a [20] are known compounds and reported
reviously.
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