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Abstract

An efficient strategy on facial, environmentally friendly, economic, selective carbonylation of benzene to give benzaldehydgassing O
the oxidant was firstly developed. Co(OAKICl;COOH with the addition of additives such as pyridine was found to be an effective catalyst
system for direct catalytic carbonylation of benzene to benzaldehyde with relatively high yield (37.3%) and selectivity(80%) under mild
conditions. The influence of various reaction conditions on reaction performance was shown. A possible reaction mechanism was proposed.
© 2004 Published by Elsevier B.V.
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1. Introduction the direct catalytic conversion of benzene to benzaldehyde
have involved peroxydisulphate §&Og) or t-BuOOH as

Benzene is one of the least reactive aromatic compounds,the oxidants, but any such process that could be adapted
therefore selective conversion to more useful chemical prod-to large-scale applications would have to usg & the
ucts would be of great value. One of useful target products oxidant, because it is environmentally friendly and eco-
for direct catalytic carbonylation of benzene is benzalde- nomic. So to achieve this efficient and environmentally
hyde. It is difficult to achieve because the selectivity is hard benign and economic conversion, the new catalyst system
to be controlled. In literature there are two approadigés  Co(OAcy/CCIzCOOH with the addition of additives such
used for the formylation of benzene to benzaldehyde. The as pyridine, iminazole, 2;2ipyridine, PPh, and P(-Bu)s
firstis typified by electrophilic attack on the C—H bond. This was developed to achieve the selective carbonylation of
usually occurs in strong acids such as HF-S[&# and other benzene to benzaldehyde using &s the oxidizing agent
liquid superacidg3]. The second approach is via oxidative under mild conditions. The carbonylation reaction is shown
addition of the metal center of the complex, usually with ir- in Scheme 1
radiation. Ir(CO)(PhCH,PPh) [4], RhCI(CO)(PPB)2 [5]
and RhCI(CO)(PMg), [6] were found to be the efficient
catalysts for selective carbonylation of benzene to give ben-
zaldehyde using irradiation.

In our previous study it has been repor{@d, that ben-
zaldehyde was obtained through selective carbonylation of
benzene under the catalyst system of Co(QAaELI3COOH/
K2S,0g/pyridine, with relatively high yield (38.3%) and
selectivity (ca. 90%). The catalyst system is characteristic 4 fyrther purification. Acetate cobalt, PPhpyridine,

of neither the addition of highly corrosive HF or HESF 5 o hinvridine and iminazole were purchased from Shang-
nor the use of irradiation. However, previous reports of o chemical Reagent Company and used as received
P(-Bu)s was prepared as literatuj@]. CO and Q was ob-
* Corresponding author. Tel#86 571 8795 1611, tam?d from Shanghal Gas _Company and Ga_s Company of
fax: +86 571 8795 1895. Zhejiang University, respectively, and used without further
E-mail addresschejiang@zju.edu.cn (X.Z. Jiang). purification.

2. Experimental
2.1. Reagents
Benzene (Shanghai Chemical Reagent Company) was

dried with 4A molecular sieves, CELOOH was purchased
from Shanghai Chemical Reagent Company and used with-

1381-1169/$ — see front matter © 2004 Published by Elsevier B.V.
doi:10.1016/j.molcata.2004.05.019
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CHO Table 1
Additive effect on reaction performance
Co(OAc), - -
+ CO — Entry Addtive Yield (%)
© 0O, , CCI3;COOH , Pyridine
Benzaldehyde Phenol Chlorobenzene Benzoic
Scheme 1. acid
1 Pyridine 37.3 4.08 2.11 4.08
. 2 Iminazole 12.3 Trace 1.86 Trace
2.2. Analysis 3 2,2-bipyridine 10.8 Trace 1.03 Trace
4 PPl 1.24 2.53 0.85 12.8
The reaction was monitored by gas chromatography 5 P@-Bu)s 1.2 041 190 120
(HP-1102) equipped with a 30 m capillary column (FFAP). Reaction conditions: benzene (0.225mol), Co(QAG2.24 mmol),
The injector and FID detector were set at 200and 230C, CCCOOH  (24mmol), additive (25mmol)Pco: 12kgenT?, Po,:

respectively. The temperature program: started at°@00 4kgcenr2, 130°C, 26 h.
and ended at 190, with a heating rate of 20C min—1.
The products obtained were purified and identified by
GC-MS (HP-5973).

using KoS,Og as the oxidanf7]; while using iminazole and
2,2-bipyridine as the additives the yields of benzaldehyde
were decreased to 12.3% and 10.8%, respectively. However,
it is interesting to note that both phenol and benzoic acid
were observed with trace level. This observation implies

. . . that oxidative reaction of benzene to phenol and benzoic
The reaction was conducted in a stainless-steel autoclave

(100 mL) equipped with a stirrer, a purging valve and a ther- acid is suppressed n th|s case. The presence of pyrlt_jlne
: . may alter the coordinative environment of cobalt species
mometer. A mixture of benzene, GCIOOH, additive and . . . .
. . . with the formation of N—Co bond in the complex to modify
acetic cobalt were fed into the autoclave. Before reaction,

. : . catalytic activity. However in the case of iminazole and
air was replaced by purging with a stream of. N'hen the 2,2-bipyridine a chelating configuration with cobalt species
autoclave was pressurized with CO and © the desired ' o g 9 P

: may be formed via double nitrogen atoms to affecting the
pressures and heated to a certain temperature (e.gC)30 -
i . reactivity. On the other hand, when PPhkas used as the
under stirring. Once the reaction was completed, the reac-

. . ) additive the main product was benzoic acid, indicating the
tion mixture was cooled down to room temperature, filtered alternation in reaction selectivity. By usingrPBu)s as the
and analyzed by GC. y. By g 3

additive, however, the reaction selectivity was changed back
to benzaldehyde as the main product with 11.2% vyield.
These results probably related to stereoscopic effect of the

. : . additives.
The typical procedure of selective carbonylation of

benzene to benzaldehyde by using @s the oxidant 32 |nfluence of the amount of pyridine

was as follows: a mixture of benzene (0.225mol),

Co(OAc) (2.24 mmol), CGCOOH (24 mmol) and pyri- In concerning influence of the amounts of pyridine on re-

dine (25 mmol) was added in a 100 mL autoclave. Then the action performance the experimental results were shown in
mixture was heated to 13C under 12 kgcm? of carbon Fig. 1 It can be seen from therein that with the increase in the
monoxide and 4kgcm? of oxygen for 26 h by stirring.

2.3. Reaction procedure

2.4. Typical example

The mixture was filtered and the products were analyzed by 40 —
GC (HP-1102; capillary column: FFAP 30 0.25 mmx ] '
0.33pm: flame ionization detector) and identified by using 304
GC-MS (HP-5973).
& 20
e [ ]
3. Results and discussion &
104
3.1. Additive effect 13 4 .
0d TTTTSeSS—— Ty —V
Two types of additives, N-containing (e.g. pyridine, 0.000 0007 0014 0021 0028 0035
2,2-bipyridine, iminazole) and P-containing (e.g. BRind Amount of Pyridine (mol)

P({-Bu)s) compounds were used in this study. The effects oct of th - _ .
f itivi nr ion rforman wer r n in Fig. 1. Effect of the amount of pyridine on reaction performance. Reac-
_(I)_ ballddltltes ob eact oth pe_ ?ﬁh fbce .e € p.de.se teq[h tion conditions: benzene (0.225 mol), Co(OA€2.24 mmol), CG4COOH
able can be seen therein that by using pyridine as the ;4 1 on ‘peo: 12kgem 2, Po,: 4kgent?, 130°C, 26, M) yield
additive the yield (37.3%) and selectivity (ca. 80%) of ben- of penzaldehyde,®) yield of chiorobenzene,X) yield of phenol, &)
zaldehyde were achieved, which reached the same level agield of benzoic acid.
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amount of pyridine from null to 0.025 mol, the yield of ben- 40 —

zaldehyde obviously increased, the yield of chlorobenzene 35 g

slightly decreased; while the yields of phenol and benzoic

acid were kept at the same values. However, when pyridine 807

was absent, almost no benzaldehyde was observed, imply- @ 257 .

ing that the presence of pyridine in the catalyst system plays 5 20

a crucial role. Its function may be attributed to alter elec- $ 5]

tronic property of cobalt complex by coordination. When the .

amount of pyridine was up to 0.025 mol, the yield of ben- 10 —

zaldehyde was almost constant, (ca. 38%). But the amount of 5 N a N
. . . . — A P

pyridine was continuously increased to 0.034 mol, the yields 0l f——t—A—— v

of chlorobenzene, phenol and benzoic acid were slightly 60 80 100 120 140 160

increased. Therefore the optimum amount of pyridine was Reaction temperature(jee)

0.025mol in this case. Fig. 2. Influence of reaction temperature on the yields of reaction. Reac-

tion conditions: benzene (0.225 mol), Co(OA¢2.24 mmol), CG4COOH
(24mmol), Pyridine(25 mmol)Pco: 12kgen?, Po,: 4kgent?, 26h
(M) yield of benzaldehyde,@®) yield of chlorobenzene,X) yield of
phenol, &) yield of benzoic acid.

3.3. Influence of the pressure and CQ/@tio

The CO pressure and COJQatio showed significant
influence on the carbonylation performance as given in

Table 2 It can be seen fronfiable 2that when the pressures pyridine was absent. It can be seen clearly that benzoic acid

of CO were varied from 8 to 40kgcm, while Po, was was the main product, and phenol and chlorobenzene were
kept at constant (4kgcnf), the yields of benzaldehyde the main by-products in entry 8. However, benzaldehyde
were obviously increased from 20.5% to 39.2%. When \as the main product, and chlorobenzene was the only
the O; pressure was slightly increased from 4 kgcirto by-product in entry 9. It indicated that the presence of pyri-

6kg cn?, CO pressure remained at 12 kgtin(see en-  gine in the catalyst system obviously altered the selectivity
tries 2 and 4), the yields of benzoic acid and phenol were of this carbonylation reaction.

slightly increased; meanwhile the yield of benzaldehyde

was lowered. Therefore the optimum pressure and the ra-3.4. Influence of reaction temperature

tio of CO/O; was 12 to 4kgcm2. However there was

only chlorobenzene as the product whep Was absent. The influence of reaction temperature on reaction perfor-
Therefore oxygen seems to play a crucial role to form mance was examined as presentedrig. 2 From therein
active species of cobalt catalyst, even the stoichiometry one can see that as increasing temperature fromC70
of this carbonylation reactionSgheme )1 does not re- to 150°C, the yield of benzaldehyde was enhanced from
quire @. The formation of chlorobenzene is possibly due 8.1% up to 38.6%. Meanwhile the yields of by-products
to CCBCOOH solvent, which is the donor of Tl For of phenol, chlorobenzene and benzoic acid were slightly
comparison two additional experiments were studied asincreased. When elevating the reaction temperature up to
given in entries 8 and 9 ofable 2 In both experiments, 150°C, the yield of benzaldehyde almost kept at constant
Co(OAC)/CCI3COOH/KyS,0g was used as the catalyst value (ca. 38%). Therefore the optimum reaction temper-
system, but in the experiment (entry 9) pyridine was used ature is 130C at which the yield of benzaldehyde with
as the additive, while in the other experiment (entry 8) 37.3% was achieved.

Table 2
Influence of the CO pressure and CQ/@tio on the reactivity
Entry Pco (kgemi2) Po, (kg cm2) Yield (%)

Benzaldehyde Phenol Chlorobenzene Benzoic acid
1 15 Null Null Null 6.73 null
2 12 4 37.3 4.08 211 4.08
3 8 4 20.5 2.35 1.96 3.69
4 12 6 335 4.67 1.86 4.96
5 15 4 38.0 3.67 1.89 1.11
6 26 4 38.6 2.74 1.78 1.03
7 40 4 39.2 2.69 1.82 0.73
82 10 Null Null 8.8 4.7 16.7
o 10 Null 36.4 Null 25 Null

Reaction conditions: benzene (0.225 mol), Co(QA®.24 mmol), CGCOOH (24 mmol), pyridine (25 mmol),13C, 26 h.
@ Reaction conditions: benzene (0.225 mol), Co(QA®.00 mmol), CGYCOOH (18 mmol), KS,05(3.7 mmol), 100C, 26 h.
b Reaction conditions: benzene (0.225 mol), Co(QAE.02 mmol), CCG4COOH (18 mmol), kS,0g(3.7 mmol), pyridine (25 mmol), 100C, 26 h.
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Fig. 3. Effect of the amount of CCOOH on reaction performance.
Reaction conditions: benzene (0.225 mol), Co(QAE.24 mmol), pyri-
dine(25 mmol),Pcoi12kg enm?, Po,: 4kgent?, 130°C, 26h @) yield
of benzaldehyde,®) yield of chlorobenzene,X) yield of phenol, &)
yield of benzoic acid.

3.5. Influence of the amount of GCIOOH

In the present catalyst system GCDOH as the solvent
affords a strong polar media, however, trichloroacetic acid
is also an effective Cldonor[7] which leads to forming
the chlorinated product, chlorobenzene. The influence of the
amount of CGCOOH on the reaction performance was
tested as shown iRig. 3. It shows that with the increase in
CCI3COOH amount from 0.01 mol to 0.045 mol, the yield of
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Fig. 4. Effect of the amount of Co(OAg)on catalytic activities. Re-
action conditions: benzene (0.225mol), @COOH (24 mmol), pyri-
dine(25 mmol)Pco: 12kgcnt?, Po,: kgenr2, 130°C, 26 h @) yield of
benzaldehyde®) yield of chlorobenzene,X) yield of phenol, &)yield
of benzoic acid.

. ArH + Co(Py)" — Ar-Co(Py)’"-H

2. Ar-Co(Py)"H + CO —> ArCO-Co(Py)’"-H
3. ArCO-Co(Py)’*-H —— ArCO-H + Co(Py)*"

Scheme 2.

plain the formation of benzaldehyde as the main product

benzaldehyde was enhanced from 20.1% to 38.5%, but thewith Co(OAc),/CCIzCOOH/pyridine as the catalyst system.

yield of chlorobenzene accordingly increased from 1.5% to
6.3%. With 0.035 mol of CGICOOH, the yield of benzalde-

Because according to radical mechanism benzaldehyde is
formed as the intermediate, and then quickly be oxidized to

hyde was nearly constant, ca. 38.8%. Therefore the suitablebenzoic acid by oxygen. In the present study, by using®©

amount of CCICOOH was 0.035mol in this case.
3.6. Influence of amounts of Co(OAc)

The plots of the amounts of Co(OAcys the yields of
benzaldehyde and by-products were showFim 4. It can
be seen fronFig. 4 that with the increase in Co(OAg£)
dosage from 0.1 mmol to 3.25 mmol, the yield of benzalde-
hyde increased dramatically up to 38%, however the yields
of the by-products were increased sequentially. When the
amount of Co(OAg) was up to 2.24 mmol, the yield of ben-

the oxidant instead of ¥5,0g, the formation of by-products,
phenol and benzoic acid, were obviously suppressed by the
addition of N-containing additives as presented in entries
1-3 of Table 1 Therefore we proposed the other possible
mechanism: oxidative addition, as shownSoheme 2At

the first step in the presence of oxygen the activation of C—H
bond of benzene by Co(P¥) to form Ar-Co(Py$*-H com-
plex, the oxidation state of cobalt, then with the insertion of
CO (step 2), finally benzaldehyde was produced by reduc-
tive elimination as the step 3. While using RRis the addi-
tive in Co(OAc)»/CCIsCOOH system as presented in entry

zaldehyde was nearly constant, ca. 38%. It means that the4 of Table ] the radical mechanism seems to be involved.

appropriate amounts of Co(OAcyvas 2.24 mmol.

4, Possible reaction mechanism

From experimental results, we consider that two types

Benzoic acid turned out to be the main product. It implied
that the nature of the additive could alter the selectivity of
benzene carbonylation reaction. Further studies on the reac-
tion mechanisms are required.

of possible reaction mechanisms may be suggested. One i%. Conclusions
radical reaction mechanism as proposed by Asadullah et al.

[9]. In the radical mechanism, the formation ofH*® is
regarded as the key step. ThegHg® is easily captured
by CO and @, and finally lead to the formation of phe-
nol and benzoic acid. However we thought it could not ex-

For the first time, selective carbonylation of benzene to
benzaldehyde by usingxCas the oxidant under mild con-
ditions in the catalyst system of Co(OA6LCIl3COOH/
pyridine has been achieved. In the present study the
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optimum reaction conditions were as follows: the amounts [2] () N. Yoneda, Y. Takahashi, F. Fukuhara, A. Suzuki, Bull. Chem.
of Co(OAcy, CCLCOOH and pyridine(as the additive) SbOCNJF;"- 5?1 (1386F> iSﬁg? ¢ Takahachi. A. Susuki. Chem. L
should be 2.24 mmol, 0.024 mol and 0.025 mol, respectively, E12385) L 1 ruinara, . TaKanashl, 4. Stzid, Fhem. et
and the. optlmum CO/Qra“O.W"J‘S 12 k_g cm l4kg cnr=. [3] (@) I. Akhrem, A. Orlinkov, L. Afanaseva, P. Petrovskii, S. Vitt,
A possible reaction mechanism of oxidative addition was Tetrahedron Lett. 40 (1999) 5897;

proposed_ (b) D.S. Sood, S.C. Sherman, A.V. Iretskii, J.C. Kenvin, D.A. Schi-
raldi, M.G. White, J. Catal. 199 (2001) 149.
[4] B.J. Fisher, R. Eisenberg, Organometallics 2 (1983) 764.
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