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Abstract

Active states of palladium and copper for the oxidative carbonylation of phenol and bisphenol-A were investigated using X-ray a
near-edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) for Pd and CuK-edges. The initial states of Pd a
Cu were carbon-supported metallic Pd and cuprous oxide, respectively. During oxidative carbonylation, however, the metallic ch
palladium was enhanced, as indicated by PdK-edge XANES spectra taken before and after the reaction. Furthermore, Pd–Pd coord
number increased from ca. 6.0 to 11.0, as determined by the quantitative EXAFS analyses of PdK-edge. The initial crystalline cuprou
oxide was converted by reaction with Bu4NBr into an unusual linear cuprous dibromide complex stabilized by tetrabutylammonium c
Qualitative XANES and EXAFS analyses of CuK-edge identified the structural and electronic configuration of the cuprous comple
was found to be the active main catalyst. There was a direct correlation between the formation of the cuprous complex and th
activity and selectivity. Based on these results, a possible catalytic reaction scheme was proposed for the oxidative carbonylation
with the catalytic system of Pd/C, an inorganic cuprous compound and Bu4NBr.
 2003 Elsevier Inc. All rights reserved.

Keywords:Active states; Pd metal; Linear cuprous dibromide complex; Role of Bu4NBr; Oxidative carbonylation of phenols; XANES; EXAFS; Pd and C
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1. Introduction

Oxidative carbonylation of phenol [1–12] or bisph
nol-A (BPA) [13–15] has been studied to synthesize diph
yl carbonate (DPC) or polycarbonate (PC) oligomers,
spectively. Both the DPC and the PC oligomers are
intermediates for PC synthesis without using the highly to
and corrosive phosgene. These processes involving th
rect oxidative carbonylations have a great advantage in
a fewer number of reaction steps are required from the
material of CO to the final product of PC oligomers, co
pared with the current commercialized phosgene-free
process that consists of many consecutive synthesis ste
carbonate intermediates such as dimethyl carbonate (DM
DPC, and PC oligomers [16,17]. Recently, we found th
direct synthesis of phenyl carbonate-ended BPA oligom
in one-step was possible via a coupled oxidative carbon
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tion of BPA and phenol over the homogeneous Pd–Ce re
system [18] or the heterogeneous Pd/C with copper cat-
alyst [19]. The coupled carbonylation was a simultane
carbonylation of reactions (1) and (2) and a transesteri
tion reaction (3) employing the same catalytic system in
same reactor. The selectivity of the proposed reaction fo
desiredpara-positioned carbonylation was significantly a
fected by catalytic components, especially by the state
the structure of copper cocatalyst [19].

(1)
CO/O2, −H2O→
Pd, cocat., base

,

CO/O2, −H2O→
Pd, cocat., base

(2),

http://www.elsevier.com/locate/jcat
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(3)BPA+ DPC
−Phenol→

base
.

Most research on the oxidative carbonylation of phen
has been carried out employing Wacker-type redox pair
alysts of a homogeneous Pd complex and an inorganic m
salt among Cu, Ce, Co, or Mn compounds with a proper b
such as tertiary amine or quarternary ammonium halide
6,13–15,18]. Following Wacker chemistry established
the oxidation of olefins or CO, the homogeneous Pd(II) co
plex is the main catalyst to coordinate phenoxides and C
the oxidative carbonylation and gives an aromatic carbo
and Pd0 by reductive elimination [1–6,13–15]. The reduc
Pd0 is then reoxidized to the active Pd2+ by reduction of the
inorganic metal salt and/or organic cocatalysts such as
zoquinone. The reduced cocatalysts are subsequently r
dized by molecular oxygen, completing the overall cataly
cycles.

To efficiently recover the used Pd catalysts after
liquid-phase reactions, there have been several recent
ies on heterogeneous Pd catalysts such as carbon-supp
metallic Pd (Pd/C) [7–12,19]. While the mechanistic co
sideration with the homogeneous system has been we
tablished, studies of the nature and the role of active
alytic components and quarternary ammonium halide
rare for catalyst systems involving the heterogeneous P/C,
due to the lack of appropriate characterization techniq
and the difficulty in analyzing the used catalysts. As an
tempt to understand the active states of Pd/C employed for
the oxidative carbonylation catalyst, there was a report
Pd2+ leached from the metallic phase seemed to cata
the reaction because a large amount of the soluble palla
was detected from the elemental analysis of liquid-ph
reaction mixtures [7]. Thus the scheme involving the
mogeneous Pd2+ species was essentially the same as
conventional homogeneous Pd-cocatalyst redox mechan
However, the experimental evidence for this suggestion i
from convincing.

X-ray absorption fine structure (XAFS) appears to
most proper and direct method of investigating the ac
states of catalytic components in this reaction system
cause it is hardly affected by organic media of the reac
mixture and enables each metal of interest to be anal
separately. In the present work, Pd/C and Cu remaining in
the reaction mixture after the oxidative carbonylation
characterized by XAFS. As an initial copper precursor,
used Cu2O that was found to be the most efficient partn
with Pd/C in our previous screening experiments [19]. T
structural and chemical information of Pd and Cu will
correlated with their catalytic activities. Also a mechanis
scheme will be proposed with possible roles of the catal
components.
l

-
-

-
d

-

.

2. Experimental

2.1. Preparation of carbon-supported Pd

Pd-supported on activated carbon (denoted as Pd/AC,
1 to 20 wt% Pd loaded) was prepared by a wet impreg
tion method. Activated carbon (Aldrich; BET surface ar
of 1075 m2 g−1), which was dried at 383 K for 12 h i
an oven before impregnation, was mixed with a solution
Pd(CH3COO)2 dissolved in acetone. This slurry was dri
in ambient air at 333 K for 1 h to remove the acetone
dried further under a reduced pressure of ca. 100 Torr in
tary evaporator. The impregnated Pd acetate on the AC
then reduced into metallic Pd under a dihydrogen stream
37 µmol s−1 at temperatures of 473 to 973 K for 4 h in
U-type quartz reactor. All reagents except Cu2O (Alfa) were
purchased from Aldrich and were used as received.

2.2. Oxidative carbonylation of BPA and phenol

The 5 wt% Pd/AC (0.01 mmol of Pd), 0.1 mmol of Cu2O,
0.5 mmol of 1,4-benzoquinone (BQ) as an organic coc
lyst, 0–1 mmol of tetrabutylammonium bromide (Bu4NBr,
TBAB), 30 cm3 of tetrahydrofuran (THF) as a solven
10 mmol of BPA, and 20 mmol of phenol were charg
into a 100-cm3 autoclave (Parr). The 5 wt% Pd/AC was
prereduced at 473 K. After purging the reactor with2
three times, 5 MPa of CO and 0.5 MPa of O2 were charged
successively and the reaction temperature was adjust
373 K. The reaction was quenched after 4 h of reac
time by cooling the reactor with ice water. Reaction produ
were analyzed by high-performance liquid chromatogra
(HPLC) using the reverse-phase method, together with
chromatography (GC) and GC-mass spectrometry (GC/MS)
in order to identify and quantify the desired products as w
as by-products.

2.3. XAFS measurements and data analysis

XAFS measurements were conducted on the beam
10B of the Photon Factory in the National Laboratory
High Energy Physics (KEK) in Tsukuba, Japan [20]. T
spectra were taken at room temperature in a transmis
mode for theK-edges of Pd and Cu. The intensity of X-r
was monitored using ionization chambers purged with a p
Ar gas for both the incident and the transmitted beams in
measurements of the PdK-edge. For CuK-edge measure
ments, the detector gases were N2 (100%) for the inciden
beam and N2 (85%)+ Ar (15%) for the transmitted beam
As standard reference materials, XAFS data were obta
for Pd references such as Pd foil, PdBr2, Pd(CH3COO)2, and
PdO and for Cu references of Cu foil, Cu2O, CuBr, CuO, and
CuBr2.

To observe the structure of Pd and Cu remaining in
reaction media and achieve an optimum X-ray transm
sion intensity for PdK-edge, the product mixture containin
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catalytic components and reagents after the reaction
filtered to reduce the total volume into one-third with
0.45-µm PTFE polymer filter. The filtered catalyst-rich
action sample was then evaporated to remove THF u
a reduced pressure, resulting in a gel-like mixture con
ing of the catalytic components, unreacted reagents,
oligomeric aromatic carbonate products. This sample pr
ration method allowed the optimum X-ray absorption
both Pd and Cu without disturbing their active states in
reaction media. Although it was conducted in ambient
there was no effect by atmospheric dioxygen and wate
the resulting Pd and Cu phases. XAFS spectra were
tained using a Kapton window sealed-Teflon tubing spa
with an outer diameter of 1/2 inch containing a gel-like mix
ture injected by microsyringe just before the measurem
The length of the Teflon tubing spacer was adjusted fro
to 15 mm according to prior calculations for the optimu
X-ray absorption.

The XANES function for both Pd and Cu compoun
was analyzed with the WinXAS 97 program [21]. The ba
ground correction and the normalization of the spect
were processed by a least-squares fit. The preedge
ground was removed through fitting a preedge region wi
straight line and subtracting the extrapolated values from
entire spectrum. The resulting elemental absorptionµ(E)

was then normalized by using atomic-like absorptionµ0(E)

at the edge that was calculated with a cubic spline fit in
postedge region.

The EXAFS data for both Pd and Cu compounds were
alyzed using the UWXAFS 3.0 package [22] and the FE
7.0 code [23], both licensed from University of Washin
ton. The preedge background was removed by using a si
line fitting. The interference function of the EXAFS data
defined asχ(E) = [µ(E)−µ0(E)]/
µ0(E0) above the ab
sorption edge (E0), whereµ(E) is the absorption coefficien
due to the particular edge of the element of interest in
sample,µ0(E) is the atomic-like absorption, and
µ0(E0)

is the jump at the edge step. The postedge backgr
functionµ0(E) is approximated by a piecewise spline th
can be adjusted so that low-R components of the Fourie
transformed data [χ(R)] are optimized. The power-scale
EXAFS functionknχ(k) in the momentumk space was con
verted to the real space, i.e.,R-space, by Fourier transfo
mation, resulting in the radial structural function (RSF)
the sample. For Fourier transformation,kmin andkmax were
chosen in the ranges of 1.4–2.8 and 11.6–12.8 Å−1, respec-
tively, for Pd EXAFS. For Cu, thek values in the range
of 2–3 and 12–13 Å−1 were selected askmin andkmax, re-
spectively. A Hanning window sill was used to reduce
truncation effect from the Fourier transformation over a
nite range. The nonlinear EXAFS fitting was performed
R-space without Fourier filtering. The theoretical stand
for Pd–Pd single scattering was synthesized with the F
code using structural information for Pd metal [24]. A sin
adjustable parameter in the XAFS analysis, the amplitud
duction factorS2, was taken to be 0.81 for Pd, which w
0
r

-

found by fitting the experimental RSF of Pd foil with th
theoretical one.

3. Results

3.1. Effects of Bu4NBr on the oxidative carbonylation of
phenols with Pd/C and Cu2O

Quarternary ammonium halides have been freque
used as bases in the oxidative carbonylation of pheno
generate phenoxides which readily make a nucleophilic
tack on the main catalytic component [3–8]. These ha
salts, especially Bu4NBr (TBAB) and Bu4PBr, show much
better performance even with a smaller amount than that
simple alkali base or Lewis base such as tertiary amines
While its role as a base has been investigated in many
ies, other effects as a surfactant [5], a phase transfer
lyst [3], and a halide source [3] were suggested but have
been well understood yet due to the lack of the mecha
tic considerations of a catalytic system through appropr
characterization techniques.

Fig. 1 shows the effects of the amount of TBAB on t
oxidative carbonylation of BPA and phenol, which is o
of the most critical variables affecting the activity and
selectivity in the reaction. For convenience, the sample
the reaction mixtures after the reaction were denoted as
S2, S3, S4, S5, and S6 according to the ratios of TBAB/Pd
with 0, 5, 10, 30, 50, and 100, respectively. As the TBAB/Pd
ratio increases from 0 to 50 with the fixed amount of
(0.01 mmol), the reaction rates and the selectivity of
desired products increased with the same trend whe
the selectivity of by-products was reduced rapidly. Abo
the TBAB/Pd ratio of 50 (S5), the effect was satura
or seemed slightly deteriorating. The reaction rates w
based on the conversion of BPA and the respective sele

Fig. 1. Effects of the amounts of Bu4NBr on the reaction rates (•) and the se-
lectivities ofp-positioned carbonylation products (
) and by-products (∇).
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ities were defined as the desiredpara-position-carbonylated
products or by-products among the products converted f
BPA. The desired products consisted of dihydroxy-en
[from the reaction (2)] and monophenyl carbonate-en
oligomers [from reaction (3)], where the number of repe
ing units (n) of BPA carbonate was dominantly 1 and 2, a
up to 5. By-products wereortho-position-carbonylated an
isomerized products from BPA [18]. For the effect of TBA
amount in the catalytic system, an optimum value appe
to exist. As TBAB increases, the reaction becomes faster
more selective up to the optimum amount of 50 of TBAB/Pd
ratio (S5), and then the reaction rate and the selectivity to
desired products seem to decrease above the amount. B
on the results of the catalytic activity and the product se
tivity in Fig. 1, the active states of Pd and Cu and the ro
of TBAB will be elucidated in our catalytic system throug
the following XAFS characterizations.

3.2. PdK-edge XANES before and after the reaction

The XANES represents X-ray absorption accompan
by an electronic transition from inner level to outer uno
cupied levels, which contains information on chemical
vironments of the X-ray absorbing atom and the nature
surrounding ligands or metals [25]. The PdK-edge XANES
spectra of reference compounds were investigated in Fi
The absorbing PdK-edge in each spectrum corresponds
the allowed 1s → 5p transition, merging into the continuu
at higher energies above the edge. Pd foil shows a distin
different shape in the XANES compared to the other Pd
erence compounds, as shown in the figure, which coul
characterized by two strong peaks at ca. 24360 eV and

Fig. 2. PdK-edge XANES spectra of the reference compounds.
d

.

24384 eV. PdBr2 has no peak above the edge. Pd acetate
PdO show one broad peak at around 24365 and 24360 e
spectively. The shape and peak position can be used in o
to identify an unknown Pd XANES spectrum by comparis
with known reference XANES spectra.

Fig. 3 shows XANES spectra of the fresh 5 wt% Pd/AC
catalysts reduced at 473 or 973 K and the used catalysts
the carbonylation with different amounts of TBAB. Whi
the strong metallic character of Pd in 5 wt% Pd/AC was ob-
served upon reduction at 973 K, the spectrum of the fr
5 wt% Pd/AC reduced at 473 K did not show such a stro
metallic character of Pd, as judged from the weak peak
ca. 24360 and ca. 24384 eV that were present in the Pd
spectrum. The XANES of 5 wt% Pd/AC reduced at 473 K
represented a combined phase between the metallic an
oxidized Pd [19]. The latter might be originated from s
face oxidation that occurred when the sample was exp
to the ambient air for 1 day as a passivation procedure o
Pd/AC catalysts after the reduction treatment. Conside
that the 5 wt% Pd was impregnated on the support AC w
a surface area of 1075 m2 g−1 followed by reduction treat
ment at a relatively low temperature of 473 K, the Pd me
would be highly dispersed so that the surface Pd could
readily oxidized with the molecular oxygen in the ambie
air into surface PdO layers even at room temperature.

For all samples (S1–S6) after the carbonylation react
the PdK-edge XANES showed the quite clear and enhan

Fig. 3. PdK-edge XANES spectra of the fresh and used catalysts a
reaction with different TBAB/Pd ratios.
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Fig. 4. k3-Weighted EXAFS functions and their Fourier transformations about the PdK-edge of some Pd reference compounds. The imaginary parts o
Fourier transformation are also plotted as dotted lines.
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metallic palladium phase, compared with their initial sta
namely, the fresh 5 wt% Pd/AC reduced at 473 K. The cha
acteristic XANES peaks of Pd metal at ca. 24360 and
24384 eV were strong enough to affirm that the pallad
phase of the used catalysts after the reaction was a full
duced metallic state similar to the reference Pd foil.

3.3. PdK-edge EXAFS before and after the reaction

The EXAFS technique was adopted to characterize
structural states of palladium in the oxidative carbonyla
of phenols. Small oscillations above the absorption edg
χ(E) can be extracted to produce EXAFS functionχ(k) and
its Fourier transformation gives the radial structural fu
tion. Major peaks in RSF correspond to important in
atomic distances shifted from their true positions by a ph
shift, and their intensities are closely related to the ave
coordination number of the atom at that distance. The
references in Fig. 4 show different oscillations inχ(k) and
different phase-uncorrected distance peaks in their R
In particular, the imaginary part of the Fourier transfo
-

.

clearly characterizes the nature of scatterers surroundin
palladium through a comparison of its shape and num
of peaks. Based on these considerations, peaks at 2.5
and 1.6 Å could be assigned to Pd–Pd, Pd–Br, and P
interactions, respectively. Also the second shell of Pd–P
teraction at 3.0 Å is shown in the RSF of the PdO refere

The RSFs of some fresh Pd/AC catalysts are shown i
Fig. 5 with different Pd loadings and reduction temperatu
Two important peaks were observed in the RSFs of 5 w
Pd/AC reduced at 473 K. The peak at 1.6 Å appears o
in the spectra of the sample of 5 wt% Pd/AC reduced a
473 K which is believed to come from Pd–O interactions
in the reference of PdO or Pd acetate. The other peak
served at 2.5 Å in all Pd/AC catalysts is evidently due t
the Pd–Pd interaction of the metallic Pd. The former Pd
interaction comes from the formation of Pd oxide, as s
from the previous XANES feature that represented the c
bined phase of both the metallic and the oxidized Pd, wh
could also be supported by our previous results regar
the effect of reduction temperature on the Pd structure o
fresh Pd/AC catalyst [19]. Note that the RSF of the refe
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Pd
Fig. 5. k3-Weighted EXAFS functions and their Fourier transformations about PdK-edge of the fresh Pd/AC catalysts. The best fit results for the Pd–
interaction are also plotted as dots.
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ence palladium oxide showed two peaks of Pd–O and Pd
interactions with similar intensities. However, there is no
a very small second shell of the Pd–Pd peak at 3.0 Å in
catalyst sample of 5 wt% Pd/AC reduced at 473 K, sugges
ing that the Pd–O is present only on the surface, not in
form of three-dimensional bulk palladium oxide. Where
the Pd–O interaction decreased as Pd loadings or redu
temperatures increased, the Pd–Pd peak drastically incre
in its intensity, indicating that the particle size of the meta
Pd became larger.

Fig. 6 shows the RSFs obtained from Fourier transfor
tion of the PdK-edge EXAFS functions weighted withk3

for the used catalysts after the reaction. The intensitie
the Pd–Pd interaction peak at 2.5 Å were invariant with
amount of TBAB. However, the magnitudes of the peak w
definitely all bigger than any of the fresh Pd/AC catalysts
tested except the one reduced at 973 K. The EXAFS fu
tions weighted withk3 and their RSFs for the fresh Pd/AC
catalysts and the used samples with the different TBAB/Pd
ratios were shown together with their best-fitted function
dots. The quantitative information for the coordination nu
ber N and the radial distanceR obtained by these EXAFS
fittings is listed in Table 1 together with the Debye–Wal
factor and the result of error analysis. The radial distan
d

Table 1
PdK-edge EXAFS curve-fitting results for Pd/AC catalysts before and af
ter the reaction

Sample Shell N R σ2 e R

(Å) (Å2) factorf

Pd foila Pd 12.0 2.751 – –
5 wt% Pd/ACb Pd 5.7 2.736 0.0079 0.0118
20 wt% Pd/ACb Pd 8.0 2.741 0.0062 0.0016
573 Kc Pd 8.0 2.733 0.0073 0.0029
973 Kc Pd 10.9 2.741 0.0053 0.0009
S1 (TBAB/Pd= 0)d Pd 11.1 2.742 0.0068 0.0025
S3 (TBAB/Pd= 10)d Pd 10.1 2.742 0.0062 0.0002
S5 (TBAB/Pd= 50)d Pd 11.2 2.736 0.0064 0.0048

a Theoretical model in thefcc phase of Pd metal.
b The fresh Pd/AC catalyst reduced at 473 K.
c The fresh 5 wt% Pd/AC catalyst reduced at these temperatures.
d The used Pd/AC catalyst after the reaction with different TBAB/Pd

ratios.
e Debye–Waller factor.
f R factor gives a sum-of-squares of the fractional misfit, wh

is defined as
∑N

i=1{[Re(fi)]2 + [Im(fi )]2}/∑N
i=1{[Re(χ̃datai )]2 +

[Im(χ̃datai )]2}.

of the Pd–Pd seemed to be invariant in all cases, which w
consistent with the value of Pd foil. However, the coor
nation number of the Pd–Pd of the fresh catalysts (5 w
Pd loaded and reduced at 473 K) increased from 5.7 to
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Fig. 6.k3-Weighted EXAFS functions and their Fourier transformations about the PdK-edge of some used catalysts with different TBAB/Pd ratios (reduced
at 473 K) after the reaction at 373 K. The best fit results for the Pd–Pd interaction are also plotted as dots.
) or
ely.
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nce
or to 10.9, with the increased Pd loading (up to 20 wt%
the raised reduction temperature (up to 973 K), respectiv
More importantly, the Pd–O peak disappeared and the Pd
coordination number increased from 5.7 to 10–11 thro
the oxidative carbonylation reaction. This indicates clea
the enhancement of the metallic character of Pd from
combined state of PdO and Pd metal into the fully redu
metallic Pd with increased particle size of Pd after the re
tion. The relative amount of TBAB to Pd did not give a
apparent effect on the state of Pd after the reaction bec
the XANES and EXAFS spectra of S1–S6 did not show
significant difference irrespective of the amounts of TB
introduced into the reaction system.

3.4. CuK-edge XANES before and after the reaction

Fig. 7 shows XANES spectra of the copper referen
such as Cu foil, Cu2O, CuBr, and CuO. The absorption ed
of Cu K-edge XANES is assigned to the allowed 1s → 4p

transition. While Cu(0) and Cu(I) compounds have no h
in 3d orbitals, Cu(II) compounds are in ad9 configuration.
Therefore, a weak preedge peak representing the qu
ple allowed 1s → 3d transition appears below the edge
most Cu(II) compounds. A very weak but evident prese
e

-

Fig. 7. CuK-edge XANES spectra of the reference compounds.
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Fig. 8. CuK-edge XANES spectra of the used catalysts after the reaction with different TBAB/Pd ratios.
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nd is
of the preedge peak could be seen from the first and
ond derivatives of Cu(II)K-edge XANES spectra aroun
8976–8978 eV. This peak serves as a signature for a d
lent copper, like the peak A in CuO in Fig. 8. The ed
positions are also used to determine the oxidation stat
Cu compounds, which reflect shifts to a higher energy as
oxidation number increases. The edge positions for the
references, which are defined as the energy that show
maximum in the first derivative function of the rapidly risin
edge step of the absorbance vs energy plot, were determ
to be 8979.0, 8980.6, 8981.6, 8983.6, and 8983.8 eV fo
foil, Cu2O, CuBr, CuO, and CuBr2, respectively.

CuK-edge XANES spectra of the used catalysts after
reaction (S1–S6) were investigated as presented in Fi
While the preedge peak A, which is shown in the right up
figure of the Fig. 8, corresponds to 1s → 3d transition as ex-
plained previously, the peaks B and C as indicated in the
figure are usually assigned to 1s → 4p transitions [26–28].
As the TBAB/Pd molar ratio increased, their XANES spe
tra were changed in shape as well as in peak intensity
pecially of the peak B around 8980–8984 eV. The spe
for S1 and S2 showed almost the same shape as that of
Cu2O, but the XANES spectra evolved into completely d
ferent ones as the TBAB/Pd ratio increased from 10 to 10
The species responsible for these spectra were all in m
valent state of Cu(I) because they showed the edge ene
e

d

.

-

e

-
s

in the range corresponding to Cu(I) compounds and ha
preedge peak (the peak A) characteristic of Cu(II). Un
tunately, none of the Cu reference XANES spectra obta
here matched those of the samples with the higher TBAB/Pd
such as S6. Therefore, it could be concluded that an
known Cu(I) compound was formed when a large amo
of TBAB was introduced in the reaction system.

3.5. CuK-edge EXAFS before and after the reaction

k2-Weighted EXAFS functions and their Fourier tran
formations for some Cu reference compounds are show
Fig. 9. Copper references have different modes of oscilla
in the k2χ(k) and the different phase-uncorrected dista
peaks in the RSFs. The imaginary parts of the Fourier tr
forms clearly characterize the nature of the scatterer
rounding copper by comparing their shapes and the num
of peaks. From these considerations, the RSF peak at 2
represents the Cu–Cu interaction in Cu foil and those at
and 2.67 Å in Cu2O are derived from Cu–O and Cu–Cu i
teractions, respectively. CuBr shows one radial distanc
the Cu–Br interaction at 2.10 Å because the Cu in the re
ence of cuprous bromide has a tetrahedral symmetry a
surrounded by four Br anions.
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parts
Fig. 9.k2-Weighted EXAFS functions and their Fourier transformations about the CuK-edge of some of the Cu reference compounds. The imaginary
of the Fourier transforms are also plotted as dotted lines.
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Fig. 10 shows the Fourier transforms of CuK-edge EX-
AFS functions for the used catalysts after the reaction
TBAB/Pd increases, the Cu–O and Cu–Cu interaction
Cu2O structure disappear and a new single interaction of
unknown ligand at 1.90± 0.03 Å appears. The RSF of th
unknown Cu compound seems quite similar to that of
reference CuBr in terms of the shape of the RSF pea
well as the imaginary parts. However, it is definitely not
same structure of the crystalline reference CuBr becaus
unknown Cu(I) complex of S5 showed a completely diff
ent XANES shape from that of the reference CuBr and
RSF peak distance was shifted to a shorter distance b
0.2 Å in S5 and S6. The unknown Cu(I) compound form
after the reaction is a monovalent Cu complex which m
be coordinated with a ligand derived from TBAB becau
its formation was directly affected by the relative amoun
TBAB to Cu2O, as confirmed in the previous CuK-edge
XANES results. As an efficient base, TBAB was initially i
troduced in the oxidative carbonylation reaction system w
an aim to activate phenols. However, the TBAB might p
an additional role in converting the crystalline cuprous ox
into an unknown Cu(I)-TBAB complex.
.

4. Discussion

The oxidative carbonylation of BPA and phenol with t
catalytic system of 5 wt% Pd/AC–Cu2O–BQ–TBAB–THF
showed unexpected but interesting features in the struc
of Pd and Cu. The Pd state on AC showed an enha
metallic character together with an increase in particle s
irrespective of the presence or the absence of TBAB.
parently, the final state of Pd supported on AC after
reaction was not affected by the amount of TBAB eith
However, the crystalline Cu2O was converted to an unknow
cuprous complex, whose formation depended on the am
of TBAB. This change in the state of copper was direc
correlated with the catalytic reaction rates and the sele
ity to the desiredpara-position-carbonylated bisphenol-A
as shown in Fig. 1, and could be monitored by CuK-edge
XANES and EXAFS.

4.1. Active states of Pd in the reaction

The Pd structures of Pd/AC catalysts were changed aft
the reaction. The fresh 5 wt% Pd/AC catalyst showed two
weak but evident peaks above the edge of XANES spect
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Fig. 10.k2-Weighted EXAFS functions and their Fourier transformations about the CuK-edge of some used catalysts after the reaction with TBAB/Pd ratios.
The imaginary parts of the Fourier transformation are also plotted as dotted lines.
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which corresponded to the metallic palladium. However,
k3χ(k) EXAFS function of the 5 wt% Pd/AC revealed a
slightly perturbed oscillation in the lowk region, resulting
in the Pd–O interaction at 1.6 Å as shown in its RSF. T
Pd–Pd coordination number of the fresh catalyst was
termined to be 5.7 from the Pd–Pd single-scattering cu
fitting. For the used Pd catalyst after the reaction, howe
all of XANES, k3χ(k) EXAFS, and RSF indicated the com
pletely metallic palladium phase which had increased c
dination numbers (up to 11.2) of the Pd–Pd interaction
the same time, Pd–O bonding disappeared after the reac
In our previous work [19], variations in the initial Pd par
cle size by different Pd loadings or reduction temperatu
gave a negligible effect on the reaction rates and the
lectivity to the desiredpara-position-carbonylated product
Furthermore, the better performance was observed fo
heterogeneous Pd/AC than for the best homogeneous Pd
etate catalyst tested under the same reaction conditions
All the fresh Pd/AC catalysts converged to the fully reduc
metallic Pd with enlarged sizes under the present condit
through the reaction, as shown in the PdK-edge XANES
and EXAFS. Therefore, the catalytic performance is in
pendent of the initial states of Pd metallic character on a
vated carbon.
.

.

The increases in metallic character and size of Pd
AC might be explained by dissolution of some specific
through formations of molecular Pd complexes with terti
amines [29] or with strong acids [30]. The Pd comple
would be redeposited rapidly on the surface of the suppo
metallic Pd under the present system because there is n
ficient stabilizer for the dissolved Pd species such as a
or phosphine ligands [30]. Also colloidal formation [31,3
of Pd particles might be involved in the redeposition of
dissolved Pd species in the presence of CO or protons
solvent of tetrahydrofuran or toluene [32]. When an exc
amount of halide anions was present in our reaction sys
we observed that the metallic Pd supported on AC was
solved mostly to form Pd2+ species and existed stably
the reaction media after the reaction. With cupric dibrom
or dichloride as Cu precursor instead of Cu2O, the cupric
compound was converted by Bu4NBr into cuprous com-
plexes to similar S5 and S6 as evidenced by the CuK-edge
XANES and most metallic Pd on the AC was dissolved
form Pd(II)Br2 from the PdK-edge XANES. Dissolution
of the supported metallic Pd seemed to depend on the
ical amount of halide anions that are able to ligate Pd
stabilize the Pd(II) complex. However, these catalytic s
tems resulted in poor catalytic activity and selectivity for
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desired products [19], suggesting that the dissolved mo
ular Pd2+ species did not provide good catalytic sites in
present reaction system.

Then, what is the role of the metallic Pd in this oxid
tive carbonylation condition? Is it still the main catalyst
interact with phenols and CO and transform them to
desired products? In the most conventional studies of
oxidative carbonylation of phenols employing the homo
neous Pd catalysts, it has been generally reported tha
homogeneous Pd2+ catalyzes the reaction as the main co
ponent and is reduced to isolated Pd0 species, which is in
turn reoxidized by organic and inorganic cocatalysts suc
benzoquinone or Cu2+, respectively. However, this Wacke
type chemistry of Pd seems not to be involved in the pre
reaction scheme employing the Pd/AC because there wa
no soluble Pd species detected by ICP analysis (dete
limit of ca. 1 ppm) that might be leached from the Pd/AC.
The authentic homogeneous Pd(CH3COO)2 catalyst showed
far inferior activity to the Pd/AC. Furthermore, the catalyti
activity and the selectivities to the products depended
rectly on the formation of the Cu(I) complex transform
from Cu2O and TBAB, as shown in Fig. 1 and the previo
Cu K-edge XANES results. Finally, the carbonylation
action proceeded readily even with only Cu2O without any
Pd source, resulting in substantial formation of the des
para-position carbonylation products, but there was no
action occurring over Pd/AC itself when a cuprous cataly
was absent under the present reaction conditions [19]. Th
fore, the metallic Pd under the present reaction condit
does not seem to be the main catalyst, but may play a d
ent role.

4.2. Identification of a linear cuprous dibromide complex

Cu(I) compounds have important functions in some
processes, e.g., metalloproteins, representing neutral
ionic, or cationic complexes with Cu(I)–ligand bonds [2
The highest coordination number of Cu(I) is 4, but 2 an
are also present [33,34]. A few Cu(I) species reveal a c
acteristic peak at 8980–8985 eV like the peak B in Fig
whose feature is sensitive to the central Cu’s geometric e
ronment [26,33,34]. The high intensity of the peak is con
tent with the allowed electric dipole transitions of 1s → 4p

and 1s → ligand group orbitals, since electric quadrup
lar transitions are considerably weaker [33]. The inten
of the peak increases as the coordination number of Cu
ligand decreases from 4 to 2 or the coordination symm
decreases [26,33]. Therefore, the characteristic peak
the Cu(I)K-edge XANES can be used as a direct indica
for the coordination number and the geometric environm
Thus, a very intense and narrow peak B indicates tha
structure of Cu(I) is two coordinated with ligands and ha
linear arrangement [26–28,33–36].

Kau et al. [26] studied extensively and summarized
representative amplitudes and the energy positions of th
K-edge XANES peaks for various Cu(I) and Cu(II) co
e

-

-

pounds, based on the measurements of 19 Cu(I) an
Cu(II) model complexes. They systematically correlated
Cu K-edge XANES features with the oxidation states a
the geometric structures. In particular, the energy pos
and the normalized intensity of the peak B at 8980–8984
were compared with the number of ligands and the
geometry of the Cu(I) complexes. The splitting peaks in
region of the rapidly rising edge like peaks B and C in Fig
could be observed in the cuprous compounds having the
ear configuration with two ligands. This phenomena co
be explained by the ligand field splitting of Cu 4p orbitals
because peak B corresponds to the degenerate 1s → 4px,y

transition and peak C represents 1s → 4pz transition as de
scribed elsewhere [26,28]. For a linear Cu(I) with two
ordinated ligands, a repulsive interaction of the ligand fi
along thez axis resulted in raising the energy of the an
bonding copper 4pz molecular orbitals relative to the 4px,y

levels [26,28]. Thus, the transition from 1s to the doubly de-
generated 4px,y final state would result in an intense pe
at a lower energy than the peak due to the 1s → 4pz transi-
tion [26].

The normalized intensity of peak B for our samples S
S6 is in the range of 1.2–1.3 as shown in Fig. 8. These va
are slightly higher but close to the normalized intensi
(0.9–1.1) for the two-coordinated linear Cu(I) compoun
reported by Kau et al. [26]. The peak B energy positio
which were calibrated by the edge energy of Cu metal to
rect the energy scale, also suggest that the copper in S
has a linear geometry configuration with two ligands. T
ligand appears to be bromide anion derived from Bu4NBr
because the imaginary parts in RSF, which characterize
nature of backscatterer [37], show the shape and the nu
of oscillations similar to those of the Cu–Br interaction
the reference CuBr, although the phases are slightly sh
as shown in Fig. 11. The shift by ca. 0.2 Å in the pha
of EXAFS function can be attributed to the difference
structural configurations between the reference CuBr
our sample of S6. The slight difference of the frequenc
k2χ(k) functions may come from the difference in the rad
distance [37].

A Cu(I) complex was also reported with the XANE
features strikingly similar to those of our samples S4–
Rothe et al. [28] observed a monovalent Cu in the lin
2-fold coordination with Br anions as an intermediate d
ing the preparation of N(octyl)4-stabilized metallic Cu col
loid through reducing [N(octyl)4]2[CuCl2Br2] complexes by
Li[BEt3H] in toluene. The XANES spectrum of the pr
posed linear [Br−–Cu(I)–Br−]− complex was very simila
to our XANES spectrum in terms of the normalized inten
ties, the energy positions of peaks B and C, and the ov
shape. Thus, our S4–S6 samples contain essentially the
type of Cu(I) complex. Since the complex needs a coun
cation to compensate for its negative (−1) charge, Bu4N+
should be available to stabilize the linear cuprous dibrom
species by an electrostatic interaction. In summary, the C
complex in S4–S6 seems to be [Br−–Cu(I)–Br−]−· · ·+NBu4
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Fig. 11. Comparison of EXAFS functions between the reference CuBr and the sample S6.
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(denoted as cuprous dibromide complex or CDC) tha
formed in our reaction system during the oxidative carbo
lation of BPA and phenol.

4.3. Reaction scheme of oxidative carbonylation of BPA
and phenol

Fig. 12 illustrates a schematic of the CDC formation fro
Cu2O with TBAB and shows the possible molecular confi
uration of the CDC. The bromide anion in TBAB attac
the central Cu(I) in Cu2O and replaces oxygens by brea
ing the Cu–O bonds. Since the 2-fold coordinated Cu(I)2
species is in one electron negative charge, this specie
teracts with the tetrabutylammonium cation to compen
for the charge distribution. Because the Cu complex sho
have only two ligands as inferred from its characteris
XANES feature, this cation should not directly coordina
to Cu, but could be connected by the electrostatic inte
tion between the two different ionic compounds. Therefo

Fig. 12. A proposed reaction scheme for the formation of the linear cup
dibromide complex (CDC) from Cu2O and Bu4NBr.
-

the CDC has configuration in which Cu(I) has two ligan
of bromide anions in a linear arrangement and the am
nium cation plays roles of compensating for the charge
stabilizing the linear [Cu(I)Br2]− complex. The complete
transformation of cuprous oxide by TBAB into the CDC w
attained for S4–S5 as judged from the CuK-edge XANES
and EXAFS analysis, which could be also predicted fr
the stoichiometric amount of TBAB relative to the cupro
oxide (4 mol/1 mol).

In Scheme 1, we propose a catalytic reaction sch
based on the proposed active states of catalysts for the o
tive carbonylation of phenols. As an initiation step, the C
coordinates phenol or BPA denoted as ArOH. A CO mo
cule is inserted into complexI to form complexII, followed
by reductive elimination from the two complexes like rea
tion (5) or a direct reaction of ArOH with the complexII,
resulting in the production of aromatic carbonates with
production of Cu(0) and TBAB molecules. The reduced a
isolated Cu0, which should be short lived, is reoxidized b
BQ in the presence of acid (HBr) through the formation
a metal–BQ complex [38] and simultaneously returns to
initial active state of the CDC. This reoxidation of Cu0 to

(4)

(BrCuBr)(NBu4)+ArOH

HBr

(BrCuOAr)(NBu4)
CDC I

CO→ (BrCu

O
‖
COAr)(NBu4),

II

(5)I + II → (ArO

O
‖
COAr) + 2Cu0 + Bu4NBr,

(6)2Cu0 + 2HBr+ BQ→ 2Cu+ + 2Br− + HQ,

(7)Cu+ + Br− + Bu4NBr → CDC,

(8)HQ+ 1
2O2 →

Pd/AC
BQ+ H2O.

Scheme 1. A proposed reaction scheme based on the catalytic cycle
the CDC as the main active catalytic species for the oxidative carbonyl
of phenols using the catalyst system of Pd/AC–Cu2O–BQ–TBAB.
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Cu+ could be evidenced by a ready oxidation of bulk
metal to the cuprous complex under the present reac
conditions. We observed that XANES spectra very sim
to those of S4–S6 appeared after the reaction when
per metal was used as the initial Cu precursor instea
Cu2O under the same reaction conditions. This means
the metallic copper can be readily converted to the cup
complex CDC. Also we tested reaction step (6) itself in
der to investigate the feasibility of reduction of BQ to H
under the following conditions: the amount of copper me
powder= 10 mmol; the initial amount of BQ= 5 mmol; the
amount of HBr= 10 mmol; the amount of THF= 30 ml;
the initial pressure of N2 = 0.5 MPa; the reaction tempe
ature= 373 K; the reaction time= 4 h. After mixing the
reactants and the solvent, we found that ca. 60% of the
tial BQ was converted to HQ even at room temperature
before the reaction started, suggesting that this reactio
very fast and readily occurs. Using this mixture of 2 mm
of BQ and 3 mmol of HQ, further conversion of BQ w
achieved up to 90% after the reaction for 4 h at 373 K. T
final compositions were 0.5 mmol of BQ, 4.15 mmol of H
and others of unknown by-products. The Cu2+ species may
not be involved in the present catalytic cycle, as we have
seen any trace of its presence in our present reaction sy

The Pd/AC is supposed to catalyze the formation of
sole by-product H2O through reaction (8) between mol
cular oxygen added externally and two protons in hyd
quinone (HQ). This step regenerates BQ to be used in
step (6). In order to make clear the role of metallic
supported on activated carbon, this reaction step (8)
also tested under the following condition: the amount
5 wt% Pd/AC (the same catalyst used in our work)=
0.213 g (0.1 mmol of Pd); the initial amount of hydr
quinone (HQ)= 5 mmol; the amount of THF= 30 ml; the
initial pressure of O2 = 0.5 MPa; the reaction temperature=
373 K; the reaction time= 4 h. After the reaction, we ob
served that 4.6 mmol of HQ was converted to benzoquin
with a selectivity of 97% or higher by gas chromatograp
which corresponded to 95% of HQ conversion and 92%
BQ yield. Without the Pd/AC catalyst under this condition
the conversion of HQ was achieved to less than 40%
38%). Therefore, it could be concluded that the suppo
metallic Pd catalyst serves as an excellent catalyst for
regeneration of BQ from HQ in our reaction condition.

The coordination of phenols to the CDC is expected to
the rate-determining step due to the steric hindrance ca
by the bulk tetrabutylammonium cation. However, the f
mation of complexesI andII and the reductive eliminatio
of those would proceed rapidly because of the low stab
of the species, considering their steric and electronic un
ances. The proposed reaction scheme shows that the o
tive carbonylation of phenols with the Pd/AC and Cu2O pro-
ceeds in a completely different manner from the well-kno
Wacker chemistry based on the Pd(II)–Cu(II) redox cy
Copper is the major catalyst component by forming the C
that interacts with phenols and CO to start the catalytic
-

.

d

-

cle. The metallic Pd as the active state for that reaction p
a secondary role by catalyzing the regeneration of org
oxidant like benzoquinone from hydroquinone. The role
Bu4NBr has been known to activate phenols as a base. M
importantly, however, it helps form and stabilize the ac
copper(I) complex [Br−–Cu(I)–Br−]−· · ·+NBu4.

5. Conclusions

The nature and role of the active states of pallad
and copper for the oxidative carbonylation of phenol a
bisphenol-A were investigated through Pd and CuK-edge
XANES and EXAFS analyses. The initial state of Pd w
carbon-supported metallic Pd with some fraction of oxidi
surface. During the oxidative carbonylation, however,
metallic character of palladium was enhanced as show
the XANES spectra and the particle size increased from
to 11.0 as determined by the quantitative EXAFS analyse
the PdK-edge. The cuprous oxide as the initial state of c
per was converted to a linear cuprous dibromide com
stabilized by tetrabutylammonium cation, which was e
cidated from the qualitative XANES and EXAFS analys
at the CuK-edge. Based on these results, a possible r
tion scheme was proposed for the oxidative carbonyla
of phenols employing the catalytic system of the Pd/C and
the cuprous dibromide complex. Bu4NBr was employed a
a conventional base in order to activate phenols into phe
ides, but played an additional role of converting the cr
talline Cu2O into the active cuprous dibromide complex. T
cuprous dibromide complex was found to be the active m
catalytic component to produce the desired aromatic car
ates in the present system. The carbon-supported me
Pd was responsible for the oxidative regeneration of
droquinone to benzoquinone with coproduction of the s
by-product H2O for the oxidative carbonylation of phenol
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