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bstract

Palladium complexes anchored on silica functionalized by 1,2-diaminocyclohexane were prepared using the sol–gel technique and used as
atalysts in the oxidative carbonylation of phenol to diphenyl carbonate (DPC). The effects of different reaction parameters such as solvent,
norganic cocatalyst, palladium loading and the molar ratio of phenol to Pd on the oxidative carbonylation were studied in detail. Cu2O and
etrahydrofuran (THF) were found to be the best inorganic cocatalyst and solvent in terms of higher yield of DPC, lower palladium leaching in
olution, and fewer byproducts. The yield of DPC and TON reached 12.0% and 60 mol DPC/mol Pd in the presence of Cu2O and THF, and Pd

eaching was only 3.0%. The heterogeneous catalysts revealed higher catalytic activity compared with the homogeneous catalysts. The existence
f Pd(0) in the catalytic cycle was confirmed by XRD, and a possible mechanism for the oxidation carbonylation of phenol to DPC in the presence
f Cu2O and heterogeneous catalyst was also proposed.

2006 Published by Elsevier B.V.
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. Introduction

Oxidative carbonylation of phenol with carbon monoxide and
xygen to diphenyl carbonate (DPC) has attracted great interest
nd is considered as one of the most likely routes to prepare
PC without employing toxic phosgene, H2O being the sole
yproduct. However, the oxidative carbonylation of phenol to
PC has usually been catalyzed by a Pd complex/redox cocat-

lysts/ammonium halide system in the homogeneous system
1–15]. As is the case of all homogeneous catalysts, there are
ome problems in the difficulty of separation of the noble metal
atalyst and the product.

The immobilization of metal complexes, acting as catalysts,
s a field of growing interest. Such systems are able to com-

ine the adjustable selectivity and activity of a homogeneous
atalyst with the re-usability of a heterogeneous catalyst [16].
o facilitate the recovery of the noble palladium catalyst in the
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omogeneous reactions, palladium complexes anchored on sup-
orts such as polystyrene [17], starch [18], SiO2 [3], zeolites
19], mixed oxides [20], layered double hydroxides [21], and
ctivated carbon [3,22] have been developed. However, the cat-
lysts prepared by polymer graft techniques cannot withstand
igh temperature. Some of their macroscopic properties, such
s specific surface area and porosity, are not as good as with
norganic supports. It is well known that the active components
re normally located on the surface of the inorganic supports
nd easily leach out leading to the deactivation of the catalysts
23]. To achieve the activity and selectivity of the immobiliza-
ion catalysts being as high as in solution, the immobilization
f complexes should be anchored as flexible as possible to the
upports. In recent years, organic–inorganic hybrid (OIH) mate-
ials, where the organic functionality is covalently attached to
orous inorganic solids, have attracted a great deal of attention
24–27]. The goal is to utilize the organic moiety as the active

ite and the inorganic solid to provide avenues for recovering
he active site.

Palladium chloride has been anchored on OIH using 2-
yridine compounds as organic ligand and used as an active

mailto:ligxabc@163.com
dx.doi.org/10.1016/j.molcata.2006.11.010
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Scheme 1. Preparation of the

atalyst for the carbonylation of phenol in our previous study
28]. However, the synthetic procedure of the supported cata-
ysts is long and fussy. In this work, palladium chloride anchored
n functionalized silica modified by 1,2-diaminocyclohexane
as prepared using a sol–gel technique, and it was denoted by
IH–DACH–PdCl2. The synthetic route is shown in Scheme 1.
he effects of various reaction parameters such as solvent, inor-
anic cocatalyst, Pd loading and the molar ratio of phenol to Pd
n the catalytic performance of OIH–DACH–PdCl2 were also
tudied.

. Experimental

.1. Synthetic procedures

.1.1. Preparation of
,N-bis[(triethoxysilyl)propyl]-1,2-diaminocyclohexane 1

The secondary amine N,N-bis[(triethoxysilyl)propyl]-1,2-
iaminocyclohexane 1 was prepared according to the literature
29].

.1.2. Preparation of the functionalized silica 2
35 ml ethanol and 55 ml 0.2 M aqueous ammonia were added

o the mixture of 18.7 g (90 mmol) tetraethoxysilane (TEOS) and
.2 g (10 mmol) 1. The resulting mixture was stirred at room
emperature for 4 h to produce the sol. The sol was transferred
o a beaker and covered with a filter paper for several days until
he gel appeared. The functionalized gel 2 was recovered by
ltration, washed thoroughly with distilled water and ethanol,
nd dried at 60 ◦C under vacuum.

.1.3. Preparation of catalyst 3
Pd(PhCN)2Cl2 was prepared according to the literature [30].

.766 g (2 mmol) Pd(PhCN)2Cl2, 2 g OIH 2 and 100 ml CH2Cl2
ere placed in a round-bottom flask, stirred at room temperature

or 24 h, filtered and washed. The product was Soxhlet-extracted
ith CH2Cl2 for 24 h to remove Pd(PhCN)2Cl2 physically

dsorbed, and dried at room temperature under vacuum to

chieve the catalyst OIH–DACH–PdCl2 3. The Pd loading was
.1 wt.% which was determined by atom absorption (AA). Other
atalysts with different Pd loadings were synthesized according
o the above-mentioned synthetic process, with the amount of
IH 2 changed.

(
M
o
t
s

obilized palladium catalyst.

.2. Catalytic reaction

OIH–DACH–PdCl2 (containing Pd 0.04 mmol), inorganic
ocatalyst (containing inorganic ions 0.24 mmol), 1.2 mmol
enzoquinone (BQ), 1.2 mmol tetrabutylammonium bromide
TBAB), 40 mmol phenol, 3.3 g 3 Å molecular sieves (M.S.) and
0 ml tetrahydrofuran (THF) were charged into a 100 ml stain-
ess steel autoclave. After the reactor was purged with O2 three
imes, 0.4 MPa O2 and 4 MPa CO were charged successively.
he reaction mixture was kept at 110 ◦C for 5 h, then cooled to

oom temperature and vented. The products were analysed by
C after removing the catalysts 3, and the yield of DPC was

alculated based on the charged phenol.

.3. Reuse of the recovered catalyst

The catalyst OIH–DACH–PdCl2 was recovered and reused
y the following steps: the reaction mixture was cooled to
oom temperature, and filtered. The solid catalyst was washed
ith CH2Cl2 after filtration, dried at 80 ◦C under vacuum,

nd then reused in the next run without changing the reaction
onditions.

.4. Determination of Pd leaching

To determine the Pd content in the solution, part of the filtrate
fter removing the solvent was placed in a 50 ml crucible, heated
o 600 ◦C at a heating rate of 10 ◦C/min, and then calcined at
00 ◦C for 3 h. The residue was dissolved in 20 ml aqua regia
nd diluted to 50 ml. The Pd leaching in solution was determined
y AA.

.5. Apparatus

Infrared spectroscopy (IR) was carried out using an
QUINOX 55 spectrometer in the range of 4000–500 cm−1.
he solid samples were ground with dried KBr powder, and com-
ressed into a disc prior to analysis. X-ray photoelectron spectra
XPS) were recorded on a Kratos XSAM800 spectrometer with
g K� radiation (1253.6 eV) operated at 12 kV and 10 mA with-
ut a monochromator. The thermal property was observed by
hermogravimetric analyses with a Perkin-Elemer TG-DTA 7
pectrometer under argon at a heating rate of 10 ◦C/min. The



36 G. Fan et al. / Journal of Molecular Catalysis A: Chemical 267 (2007) 34–40

P
w
T
A
u
a
m
s
t

3

3

3

a
t
s
r
s
r
s
t
u
s
T
m
s

3

N
e
a
a
4
o

t
i

3

F
p
1
o
r
p
i
w
i
w
79.4%, which is ascribed to the SiO2 and palladium chloride
in the catalyst. The result of TG-DTA reveals that the organic
moieties have been combined to the inorganic support. This is
consistent with the IR analysis.
Fig. 1. IR spectra of functionalized silica 2 and catalyst 3.

d loading and leaching in solution were determined by AA
ith a Perkin-Elemer Analyst 300 using acetylene (C2H2) flame.
he analysis of the reaction products was performed using an
gilent GC-1790 gas chromatograph with HP-5 capillary col-
mn (30 m × 0.32 mm × 0.25 �m, 5% phenyl methyl-siloxane)
nd FID detector. GC–MS were obtained on a Finnigan Trace
ass spectrometer (70 eV EI). X-ray diffraction (XRD) mea-

urements were taken on a χ′Pert PRO with Cu K� radiation in
he range of 2θ = 10–80◦.

. Results and discussion

.1. Characterization

.1.1. IR
The IR spectra of functionalized silica 2 and catalyst 3

re shown in Fig. 1. The bands at 3443 and 1095 cm−1 in
he IR spectrum of support 2 are assigned to the symmetric
tretching vibration of isolated Si–OH and Si–O–Si in tetramer,
espectively. These results reveal the formation of a SiO2 net
tructure in support 2. The peaks of the organic groups are
elative weak because of their low content in functionalized
ilica. The weak bands at 2943 and 2864 cm−1 are assigned
o asymmetric and symmetric stretching vibrations of –CH2
nits, respectively. All characteristic peaks exist but give a small
hift in the spectrum of catalyst 3 compared with support 2.
his is probably due to the fact that the chemical environ-
ent has been changed for the Pd(II) combine covalently to the

upport 2.

.1.2. XPS
The XPS of the support and catalyst are shown in Fig. 2. The
atoms in the support donate electron to Pd(II): as a result, the

lectron cloud around Pd(II) increases and the peak of Pd3d5/2

t 337.0 eV in OIH–DACH–PdCl2 is lower than that of PdCl2
t 337.9 eV [31]. The peak of N1s in OIH–DACH–PdCl2 at
00.1 eV is higher than that of OIH at 399.5 eV. These changes
f binding energies reveal that there is an electronic interac-
Fig. 2. XPS of support 2 and catalyst 3.

ion between Pd(II) and N, which indicates the formation of
mmobilized catalyst 3.

.1.3. TG-DTA
The TG and DTA curves of OIH–DACH–PdCl2 3 are given in

ig. 3. The TG curve shows that the weight loss of catalyst 3 takes
lace in three steps. Continuous weight loss is observed below
00 ◦C corresponding to the release of water physically adsorbed
n the surface of the catalyst. During this step, 1.4% water is
emoved. In the range of 210–380 ◦C, the strong endothermic
eak at 268.3 ◦C accompanies major weight loss of 14%, which
s due to the thermal degradation of the organic moieties. Loss of
ater related to removal of the residual –OH groups of sol–gel

norganic matrix occurs in the range of 400–600 ◦C. The total
eight loss amounts to 20.6%, and so the weight of residue is
Fig. 3. TGA-DTA curves of catalyst 3.
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Table 1
Catalytic activity of homogeneous catalyst and heterogeneous catalysta

Entry Catalysts Pd loading (wt.%) YDPC (%) TON (mol DPC/mol Pd) Pd loss (wt.%)c

1 PdCl2 – 6.2 31.0 –
2 Pd(OAc)2 – 9.2 46.0 –
3 PdCl2/2,2′-bipyridyl [13] – 0.15 – –
4 PdCl2/1,10-phenatroline [13] – 0.65 – –
5 PdCl2/1,10-phenatroline – 0.8 4 –
6 PdCl2/1,2-diaminocyclohexane – 0.7 3.5 –
7 OIH–DACH–PdCl2 5.1 12.0 60.0 3.0
8 OIH–DACH–Pd(OAc)2

b 4.2 12.9 64.5 5.2

a 2+ + 0:100 ◦
of OI
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Reaction conditions: n(Pd ):n(Cu ):n(BQ):n(Bu4NBr):n(PhOH) = 1:6:30:3
b OIH–DACH–Pd(OAc)2 was synthesized according to the synthetic process
c Pd in solution/total amount of Pd introduced.

.2. Catalytic activity

.2.1. Activity comparison of homogeneous and
eterogeneous catalysts

It is well known that palladium salts such as palladium acetate
nd palladium chloride are able to catalyze the carbonylation
f phenol to produce DPC [12]. Although the aim of immobi-
ization is to solve the problems of homogeneous catalyst such
s separation and regeneration, heterogenized palladium com-
lex will be insignificant if the catalytic activity is low. The
ctivity comparision of homogeneous and heterogeneous cata-
ysts are shown in Table 1. It is well known that Pd(OAc)2 is a
eakly coordinated palladium salt and that the chloride ligand

n PdCl2 is a comparatively strong electron-withdrawing ligand
32]. So OAc− will be replaced very rapidly with PhO− and
O to produce intermediate PhO–Pd–CO–OPh in the oxida-

ive carbonylation, producing DPC by reductive elimination. As
result, Pd(OAc)2 showed higher catalytic activity compared
ith PdCl2 in the homogeneous system (entries 1–2).
Palladium complexes can be used as the main catalyst in the

xidative carbonylation of phenol to DPC except for simple pal-
adium salts [1,13]. The electron donor ability and size of ligands
re important factors in determining the stability of complexes
33]. The reductive elimination rate in the oxidative carbonyla-
ion was accelerated by bulky substituents of ligands for steric
epulsion [1]. Table 1 shows that the catalytic activity of 2,2′-
ipyridyl and 1,10-phenatroline without substituents was very
ow (entries 3–5). Although the catalytic activity was improved
y the presence of bulky substitutes and electron donor groups,
he procedure for introducing substitutes to the ligands was
ery fussy and the catalytic active species cannot be recovered
1,13,34].

Compounds, which contain active organic moieties such
s –NH2, –CO– and –CHO are often selected as organic
igands [16,24] during the synthesis of OIH support by the
ol–gel approach. These active organic moieties reacted with
ilane coupling agents to form hydrolysis precursors. 1,2-
iaminocyclohexane showed similar catalytic activity in the

eaction compared with 2,2′-bipyridyl and 1,10-phenatroline
n homogeneous catalytic system (entries 5 and 6). So 1,2-
iaminocyclohexane was selected because of the amine group
ncluded and the commercial availability.

a
a
m
a

0, reaction temperature 110 C, reaction time 5 h.
H–DACH–PdCl2.

Although 1,2-diaminocyclohexane revealed poor activity
n the homogeneous catalytic system, the catalytic activ-
ty was improved greatly in the heterogeneous catalytic
ystem. For example, the yield of DPC was 0.7% when 1,2-
iaminocyclohexane was used as ligand in the homogeneous
ystem (entry 6), and the yield of DPC increased sharply to
2.0% when the reaction was catalyzed by OIH–DACH–PdCl2
entry 7). This positive effect is probably due to the –(CH2)3–
roup in the silane coupling agent and SiO2 net structure on
hich secondary amine was anchored; the SiO2 net structure
aybe play the role of a bulky substituent. So the cleav-

ge rate of Pd–C in the intermediate produced during the
eaction was accelerated because of high steric hindrance of sup-
orted catalyst [13]. Both steric hindrance and electronic donor
bility improved the catalytic activity of the heterogeneous cat-
lyst significantly, so the activity of OIH–DACH–PdCl2 and
IH–DACH–Pd(OAc)2 was almost equivalent and was higher

han that of the homogeneous system. Table 1 shows that
IH–DACH–PdCl2 revealed excellent catalytic activity as the
ield of DPC reached up to 12.0% (entry 7), which was close
o 12.9% for OIH–DACH–Pd(OAc)2 (entry 8); the Pd loss was
nly 3.0%.

.2.2. The choice of inorganic cocatalyst and solvent
The inorganic/organic cocatalysts are generally added to

he reaction system of the oxidative carbonylation of phenol.
cetate salts such as Co(OAc)2, Mn(OAc)2 and Cu(OAc)2 are

ffective inorganic cocatalysts, and CH2Cl2 is often selected
s the solvent in the homogeneous system. However, our
tudy has shown that the Pd leaching was relatively high
n the PdCl2–OIH–Co(OAc)2–CH2Cl2 heterogeneous reaction
ystem, in which the catalyst was anchored with 2-pyridine
pecies [28]. So the effects of the inorganic cocatalyst and
olvent on the yield of DPC and Pd leaching were stud-
ed here. The data in Table 2 show that similar results were
bserved for the catalyst prepared from 1,2-diaminocyclohexane
n the presence of acetate salts and CH2Cl2. The results
uggest that Pd leaching was relevant to solvents and cocat-

lyst anions. Since the solution contained a large amount of
cetate anions in the presence of acetate salts, these anions
ay form ion pairs with Pd(II). Complexation of Pd(II) by

cetate anions is a sufficient driving force to bring Pd(II)
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Table 2
Effect of the inorganic cocatalyst and solvent on the oxidative carbonylation of phenola

Entry Inorganic cocatalyst Solvent YDPC (%) TON (mol DPC/mol Pd) Pd loss (wt.%)b

1 Mn(OAc)2 CH2Cl2 6.2 31.0 8.9
2 Co(OAc)2 CH2Cl2 5.9 29.5 9.1
3 Cu(OAc)2 CH2Cl2 5.2 26.0 9.3
4 Cu2O CH2Cl2 5.6 28.0 5.8
5 Mn(OAc)2 THF 10.9 54.5 6.2
6 Co(OAc)2 THF 9.4 47.0 5.6
7 Cu(OAc)2 THF 9.3 46.5 6.1
8 Cu2O THF 12.0 60.0 3.0
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a Reaction conditions: n(Pd2+):n(inorganic cocatalyst):n(BQ):n(Bu4NBr):n(P
5.1 wt.%.
b Pd in solution/total amount of Pd introduced.

nto the solution [19]. Pd leaching reached up to 9.3% in
IH–DACH–PdCl2–Cu(OAc)2–CH2Cl2 system (entry 3), but

here was only 3.0% Pd loss in OIH–DACH–PdCl2–Cu2O–THF
ystem with a DPC yield as high as 12.0% (entry 8).

There are some byproducts formed during the oxidative
arbonylation of phenol to DPC, but the main byprod-
cts changed with different catalytic systems. Goyal et
l. [6] reported that o-phenylene carbonate was the main
yproduct, Ishii et al. [14] pointed out that phenyl sal-
cylate was the main side product, and Xue et al. [23]

entioned that p-benzoquinone, phenyl acetate and tributy-
amine were the main products. In the present work, the
roducts of both the OIH–DACH–PdCl2–Co(OAc)2–CH2Cl2
ystem and the OIH–DACH–PdCl2–Cu2O–THF system were
nalyzed by GC–MS. Phenyl salicylate, tributylamine, p-
romophenols and phenyl acetate were detected in the
IH–DACH–PdCl2–Co(OAc)2–CH2Cl2 catalytic system, and
henyl salicylate was the main byproduct. However, no phenyl
cetate was detected in the OIH–DACH–PdCl2–Cu2O–THF
atalytic system. These results suggest that the acetate anion
n phenyl acetate came from the acetate salt charged into the
eaction system and the distribution of species in products was
elated to the inorganic cocatalyst.

In summary, the OIH–DACH–PdCl2–Cu2O–THF catalytic
ystem not only showed excellent activity and lower Pd leaching
ut also produced fewer byproducts.
.2.3. Effect of Pd loading
Heterogenized catalysts with different Pd loadings were pre-

ared to investigate the effect of Pd loading on the oxidative
arbonylation of phenol. Table 3 presents the results as the Pd

3

o

able 3
ffect of Pd loading on the oxidative carbonylation of phenola

ntry Pd loading (wt.%) YDPC (%)

3.6 7.3
4.4 9.1
5.1 12.0
6.8 10.9
8.6 9.4

a Reaction conditions: n(Pd2+):n(Cu+):n(BQ):n(Bu4NBr):n(PhOH) =1:6:30:30:100
b Pd in solution/total amount of Pd introduced.
) = 1:6:30:30:1000, reaction temperature 110 ◦C, reaction time 5 h, Pd loading

oading varied from 3.6 to 8.6 wt.%. The Pd loading showed a
ignificant effect on the yield of DPC and Pd leaching. The yield
f DPC increased with increasing Pd loading at low Pd contents.
his is attributed to the increase in the number of catalytic active
ites with increasing loading. The maximum 12.0% yield of DPC
as observed at 5.1 wt.% Pd loading. Since the aggregation of
d led to the dispersion of active sites to decrease at Pd contents
bove 5.1 wt.%, the catalytic activity decreased and the yield
f DPC decreased consequently. In addition, the Pd leaching
ncreased with increasing Pd loading, and the highest 6.0% Pd
eaching was observed at 8.6 wt.% loading.

.2.4. Effect of the molar ratio of phenol to Pd
The effect of the molar ratio of phenol to Pd on the reaction

ith the same amount of palladium is shown in Table 4. The
ield of DPC decreased from 11.6% (entry 1) to 2.5% (entry
) with increasing molar ratio of phenol to Pd from 500 to
000, and TON increased from 29 to 50. However, the trend
n the increase in TON became smaller at higher molar ratios.
t is interesting that TON remained almost unchanged when the
olar ratio of phenol to Pd was beyond 1000. This is possibly

ue to the catalytic active sites being employed entirely with
ncreasing amount of phenol. These results indicate that each
ctive site exhibited almost equivalent catalytic activity, and that
he amount of DPC produced during the reaction was almost
nchanged when the amount of palladium was kept constant at
igher molar ratios.
.2.5. Pd state in the recovered catalyst
Hatanaka et al. [4] have proposed that the possible mechanism

f oxidative carbonylation of phenol to DPC is a “multi-step

TON (mol DPC/mol Pd) Pd loss (wt.%)b

36.5 1.9
45.5 2.8
60.0 3.0
54.5 4.4
47.0 6.0

0, reaction temperature 110 ◦C, reaction time 5 h.
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Table 4
Effect of the phenol/Pd molar ratio on the oxidative carbonylation of phenola

Entry Phenol/Pd (molar ratio) YDPC (%) TON (mol DPC/mol Pd) Pd loss (wt.%)b

1 500 11.6 29.0 5.3
2 667 10.8 36.0 4.9
3 1000 9.3 46.5 5.0
4 2000 4.7 47.0 4.4
5 3000 3.2 48.0 5.2
6 4000 2.5 50.0 5.0

a Reaction conditions: n(Pd2+):n(Cu+):n(BQ):n(Bu4NBr) = 1:6:30:30, reaction temperature 110 ◦C, reaction time 5 h, Pd loading = 8.6 wt.%.
b Pd in solution/total amount of Pd introduced.

Table 5
Catalytic activity of fresh catalyst and recovered catalysta

Entry Catalyst YDPC (%) TON (mol DPC/mol Pd) Pd loss (wt.%)d

1 Fresh 3.3 16.5 3.8
2 Recoveredb 3.1 15.5 3.6
3 Recoveredc 0.5 2.5 2.8

a Reaction conditions: n(Pd2+):n(Cu+):n(BQ):n(Bu4NBr) = 1:6:30:30, reaction temperature 110 ◦C, reaction time 5 h, Pd loading = 5.1 wt.%, 3 Å M.S. was not
used.

e
p
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w
a
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T
s
s
t
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p
a
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t
t
a

b Second run.
c Inorganic/organic cocatalysts were not used, second run.
d Pd in solution/total amount of Pd introduced.

lectron transfer” catalytic cycle in which the chemical state of
alladium changed between Pd(II) and Pd(0). In addition, it has
een confirmed that water can react with DPC to produce phenol
nd CO2 [2,34]. In order to improve the yield of DPC, 3 Å M.S.
as added to remove water formed during the reaction. However,

s 3 Å M.S. is crushed easily by the stirring during the reaction,
t is difficult to separate and recover the heterogeneous catalyst.
herefore, the catalytic performance of OIH–DACH–PdCl2 was
tudied without employing a dehydrating agent to investigate the
tate of palladium in the recovered catalyst. The XRD patterns of
he fresh catalyst and the recovered catalyst after one run with-
ut redox cocatalyst are shown in Fig. 4. The weak and wide
eaks at 2θ = 22.86◦ and 23.10◦ in the curves are ascribed to the
morphous structure of the support. X-ray diffraction curve of
he recovered catalyst (curve b in Fig. 4) exhibits three charac-

eristic peaks at 2θ = 40.21◦, 46.90◦ and 68.21◦, which confirms
he existence of Pd(0) (JCPDS 01-1201, 05-0681) in the cat-
lytic cycle. The size of the Pd(0) particles is 20.8 nm which

Fig. 4. XRD patterns of catalysts (a) fresh catalyst (Pd loading = 5.1 wt.%); (b)
recovered catalyst (after one run).

Scheme 2. A possible mechanism for the oxidative carbonylation of phenol to DPC over heterogeneous catalyst.
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as estimated by Scherrer equation [35]. The result indicates
hat large metal particles formed in the recovered catalysts due
o the aggregation of Pd(0) particles.

The catalytic activity of supported catalyst without using
ehydrating agent is shown in Table 5. The yield of DPC only
lightly changed from 3.3% to 3.1% during the reuse of hetero-
eneous catalyst in the presence of redox cocatalysts. However,
he recovered catalyst showed poor catalytic activity without
edox cocatalysts; the yield of DPC decreased drastically from
.3% to 0.5%. It is known that Pd(0) is inactive in the reaction
12], so Pd(0) must be transformed to Pd(II) by the cocatalyst
uring the reaction to keep the catalytic activity. It is reason-
ble to suppose that the recovered catalyst may be a mixture
f Pd(II) and Pd(0) from the results of Table 5 and Fig. 4,
hich caused a change in the colour of the catalyst from gray to
lack. Thus, the oxidative carbonylation of phenol to DPC fol-
ows the well-known “multi-step electron transfer mechanism”.

possible mechanism in the presence of Cu2O is proposed in
cheme 2.

. Conclusions

OIH–DACH–PdCl2 catalysts anchored on functionalized sil-
ca were prepared by the sol–gel technique using CPTES as
ilane coupling agent, 1,2-diaminocyclohexane as ligand and
EOS as hydrolysis precursor. The catalytic activity of the
eterogeneous catalyst was also studied in the oxidative car-
onylation of phenol to DPC. Cu2O and THF were found to be
he best combination with the heterogeneous catalyst in terms of
igher yield of DPC, lower Pd leaching in solution, and fewer
yproducts. OIH–DACH–PdCl2 revealed more excellent cat-
lytic performance compared with the homogeneous catalyst as
he yield of DPC reached 12.0% with TON = 60 mol DPC/mol
d in the presence of Cu2O and THF. The Pd loading affected

he oxidative carbonylation significantly and the optimum Pd
oading was 5.1 wt.%. The existence of Pd(0) in the catalytic
ycle was verified by XRD, and the state of palladium in the
ecovered catalyst was a mixture of Pd(II) and Pd(0). A possible
echanism for the reaction in the presence of Cu2O was also

roposed.
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