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of preparation variables on the activity and enhancement

of the activity on recycling in the Heck reaction

S. Fujitab, T. Yoshidab, B.M. Bhanageb, M. Shiraia, M. Arai b,∗
a Institute of Multidisciplinary Research for Advanced Materials, Tohoku University, Sendai 980-8577, Japan

b Division of Materials Science and Engineering, Graduate School of Engineering,
Hokkaido University, Sapporo 060-8628, Japan

Received 29 August 2001; accepted 8 November 2001

Abstract

Supported liquid phase catalysts (SLPC) were prepared using a porous silica, ethylene glycol, palladium acetate, and
triphenylphosphine trisulfonate sodium salt (TPPTS). The SLPC samples prepared were used for Heck reaction of iodobenzene
and butyl acrylate with triethylamine base in toluene and the influence of catalyst preparation conditions was examined. The
rate of reaction depends on the concentration of palladium–TPPTS complexes in the dispersed phase of ethylene glycol but not
on the quantity of the dispersed liquid used. The SLPC sample can be easily separated by simple filtration and it is recyclable;
interestingly, the rate of reaction is promoted on the repeated runs, due to the formation and accumulation of Et3NHI adduct
in the dispersed phase. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Homogeneous organometallic complexes are ex-
cellent catalysts for various chemical transformations
[1,2]. For practical application of these catalysts, it
is important to overcome a drawback of the catalyst
separation and recycle. The reaction systems with
organometallic complexes can be heterogenized by a
few different methods, which are useful for catalyst
separation and recycle [3,4]. The methods proposed
may be grouped into three types: (a) liquid–liquid
biphasic reactions, in which catalyst is in one liq-
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uid and reactants and products are in another liquid,
immiscible with the first one [5]; (b) solid-fixed cat-
alysts, in which organometallic complexes are immo-
bilized on inorganic or polymer solids through their
surface functional groups [6]; (c) supported liquid
phase catalysts, in which thin liquid film containing
organometallic complexes is supported on the surface
of high-surface-area solid [7–10]. The supported liq-
uid phase catalyst is used in a solvent that does not
dissolve the film liquid, and this is a limited case of
liquid–liquid biphasic reactions.

The idea of the supported liquid phase catalyst
(SLPC) was proposed by Arhancet et al. [7]. They
prepared a thin aqueous phase containing rhodium
complexes over the surface of a porous silica and its
good performance was proven for hydroformylation,
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as reviewed by Davis [8]. In the literature, there are
several works using different metal complexes, liquid
films, and supporting materials [11–16] for Heck reac-
tions. For example, Mirza et al. used surface-modified
porous glass beads and ethylene glycol to prepare
palladium-based supported liquid phase catalysts
[12]. They applied the catalysts prepared for Heck
reaction and examined the influence of some catalyst
preparation variables on their performance. Bhanage
et al. used a porous silica gel and polar liquids such
as ethylene glycol and water for the preparation of
palladium- and nickel-based SLPC samples, which
were applied for Heck reactions in a non-polar organic
solvent (toluene) [15,16]. Since the reaction mixture
using SLPC is a complicated heterogeneous system,
the overall rate of reaction and the catalyst recyclabil-
ity should depend not only on the reaction conditions
but also catalyst preparation variables like the kind
and thickness of the liquid film, the concentration of
active catalyst components in the film, the size and
nature of supporting materials, and so on. The present
work has been undertaken to examine the effects of
these preparation variables for palladium-based SLPC
samples using Heck coupling as a model reaction.
Heck coupling is one of important reactions from
practical and scientific point of views [1,2,17,18].

2. Experimental

2.1. Catalyst preparation

The Pd–triphenylphosphine trisulfonate sodium salt
(TPPTS) containing SLPC samples were prepared us-
ing ethylene glycol as a dispersed phase and a porous
silica gel (Aldrich Davisil grade 646), which has a
BET surface area of 294 m2 g−1, an average pore dia-
meter of 20 nm, and a total pore volume of about 1 ml.
Some samples were also prepared using propylene gly-
col or water instead of ethylene glycol. Ethylene glycol
(0.5–2.0 g), palladium acetate, and TPPTS were added
into a 200 ml glass reactor and mixed at 60–70◦C to
prepare Pd–TPPTS complexes. The formation of the
palladium complexes was ascertained from change in
color to dark brown. Then, silica gel was added and
further mixed for several minutes and 40 ml of toluene
was added. The suspension was stirred at room tem-
perature for the ethylene glycol phase to disperse well

on the surface of silica gel. The ratio of TPPTS/Pd
was fixed at 2 for all the SLPC samples prepared.

2.2. Heck reaction

After the catalyst preparation, the glass reactor with
a condenser and a mechanical agitator was heated to a
reaction temperature of 100◦C and then iodobenzene
20 mmol, butyl acrylate 40 mmol, and triethylamine
20 mmol were added to start the Heck reaction. The
reaction runs were conducted under ambient atmo-
sphere. A small volume of reaction mixture (1 ml)
was repeatedly taken out from the reactor and it was
analyzed by capillary gas chromatograph with flame
ionization detector.

3. Results and discussion

Under the conditions used, butyl cinnamate was
selectively produced as the only product and its con-
centration was measured to follow the reaction. A
typical change of concentration of the product with
time is shown in Fig. 1, indicating the presence of a
short induction period. Such an induction period was
reproducibly seen in the first runs using as-prepared
SLPC samples (Fig. 1a) but it was hardly seen in the
subsequent recycling runs (Fig. 1b for the fourth run).
After the short induction period, the product concen-
tration was observed to increase almost linearly with
time. So, the rate of reaction was determined from the
slope of the data within this steady-state region, for
which the conversion of iodobenzene was less than a
few percent. The induction period observed could be
attributed to the formation of active catalytic species,
as discussed in the following sections.

3.1. Influence of stirring speed
and silica gel granule size

The rates of reaction were measured by changing
the stirring speed at 300 and 500 rpm or the size of sil-
ica gel to 35–60 mesh and less than 200 mesh. There
were only relative differences less than 3% in the rates
of reaction obtained, indicating no effects of these fac-
tors. Under the conditions used, the SLPC granule was
well dispersed in a continuous phase of toluene. The
data described in the following sections were obtained
with the silica gel of 35–60 mesh in size at 300 rpm.
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Fig. 1. Typical changes of product concentration with time for the first (a: closed circle) and fourth (b: open circle) runs. Reaction
conditions: iodobenzene 20 mmol, butyl acrylate 40 mmol, triethylamine 20 mmol, toluene 40 ml, temperature 100◦C. Catalyst: palladium
acetate 0.2 mmol, TPPTS 0.4 mmol, ethylene glycol 1.0 g, silica gel 2.0 g.

3.2. Influence of film thickness and catalyst quantity

Fig. 2 shows the results of the rate of reaction
using different quantities of ethylene glycol and pal-
ladium acetate with a constant TPPTS/Pd ratio of 2.
The apparent thickness of ethylene glycol phase was
calculated from the surface area of silica gel and the
density of ethylene glycol, and it is given in Fig. 2.
A volume of 1 ml (1.11 g) of ethylene glycol can oc-
cupy the total pore volume of the support; in other
words, the extent of pore filling is 1. Fig. 2 indicates
that the rate of reaction decreases with an increase in
the quantity of ethylene glycol used while it increases
with an increase in the quantity of palladium acetate
used, in which, however, the rate of reaction tends to
level off at larger quantities.

The rates of reaction were measured with changing
the quantity of ethylene glycol where the concentration
of palladium acetate was fixed at a constant value.
Fig. 3 shows that the rate of reaction changes little with
the quantity of ethylene glycol used; in other words,
it depends little on the total amount of Pd–TPPTS
active species in the ethylene glycol film but it does
depend on the concentration in the film. When the
quantity of ethylene glycol was 2.0 g and the palladium

concentration was 0.4 mmol g−1, some quantity of the
catalyst-containing liquid dissolved in toluene and so
homogeneous reaction also occurred, resulting in a
higher rate of reaction as observed.

The present results are in contrast to those reported
by Mirza et al. [12], who prepared a SLPC sam-
ple using palladium chloride, a phosphine ligand of
monosodium mono(m-sulphonato phenyl)diphenyl-
phosphine, a dispersed phase of ethylene glycol, and
a support of porous glass bead. It was applied for
Heck reaction of iodobenzene and methyl acrylate
with triethylemine base in a mixed solvent of hexane
and ether (4:1). At a constant degree of pore filling of
2, the rate of reaction was observed to increase with
an increase in the amount of palladium chloride used.
These authors also observed the leaching of palladium
species into the solvent and they mentioned that the
reaction was a homogeneous reaction catalyzed by the
dissolved palladium species; after the complete con-
version, however, these active species were taken back
onto the support. The homogeneous nature of reaction
and the catalyst recovery are very similar to our previ-
ous results on Heck reaction inN-methylpyrrolidone
with a conventional carbon-supported palladium cat-
alyst in the absence of any ligand [19].
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Fig. 2. Influence of the quantities of ethylene glycol (EG) and palladium acetate used on the rate of Heck reaction. Reaction conditions:
iodobenzene 20 mmol, butyl acrylate 40 mmol, triethylamine 20 mmol, toluene 40 ml, temperature 100◦C. Catalyst: Pd/TPPTS= 1/2, silica
gel 2.0 g.

Fig. 3. Influence of the quantity of ethylene glycol (EG) used at given constant concentrations of palladium. Reaction conditions: iodobenzene
20 mmol, butyl acrylate 40 mmol, triethylamine 20 mmol, toluene 40 ml, temperature 100◦C. Catalyst: Pd/TPPTS= 1/2, silica gel 2.0 g.
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Fig. 4. The change of the rate of Heck reaction on the recycling
of SPLC sample with ethylene glycol in the presence of triethy-
lamine or potassium acetate as a base. Catalyst: palladium ace-
tate 0.2 mmol, TPPTS 0.4 mmol, ethylene glycol 1.0 g, silica gel
2.0 g. Reaction conditions: iodobenzene 20 mmol, butyl acrylate
40 mmol, base 20 mmol, toluene 40 ml, temperature 100◦C.

3.3. Catalyst reusability

After a reaction run, the catalyst was separated by
simple filtration and rinsed with pure toluene a few
times. Then, the catalyst was reused for a subsequent
run, in which the desired amounts of fresh toluene,
substrates, and base were used. These repeated runs
did not show such an induction period as observed in
the first runs, as seen in Fig. 1.

Fig. 4 gives the results on the rate of reaction col-
lected with the same SLPC sample for several repeated
runs. It is interesting to note that the rate of reaction is
promoted on the repeated use of the catalyst although
this promotion would level off in several runs. A pos-
sible explanation for this promotion is condensation
of the active species caused by dissolution of ethylene
glycol into toluene during the catalyst separation pro-
cedures between the runs. After the filtration, the cata-
lyst (using silica gel in 2 g) was normally rinsed two or
three times with about 30 ml of toluene each followed
by drying under ambient conditions. The catalyst was
more repeatedly rinsed with a larger volume of toluene
of 200 ml, however, this did not enhance the rate of
reaction. In a homogeneous reaction, the rate of re-
action increases with an increase in the concentration
of triethylamine base to a certain level, after which it
decreases [20]. For the present recycling experiments,

Fig. 5. Influence of the addition of the base-adduct, Et3NHI, to
the ethylene glycol dispersed phase on the rate of Heck reaction.
Catalyst: palladium acetate 0.2 mmol, TPPTS 0.4 mmol, ethylene
glycol 1.0 g, silica gel 2.0 g. Reaction conditions: iodobenzene
20 mmol, butyl acrylate 40 mmol, triethylamine 20 mmol, toluene
40 ml, temperature 100◦C.

the conversion levels were less than 10% (with respect
to iodobenzene) and a large quantity of triethylamine
remained unused after each run. However, the base
was almost rinsed out with toluene and it hardly
remained in the SLPC sample. So, the accumulation
of trietylamine during the repeated runs was much less
significant for the promotion of the rate of reaction
observed.

In addition, we examined the influence of HI·base-
adduct formed at the last step of catalytic cycle, rege-
neration of the active complexes of Heck reaction
[17]. The reaction runs were conducted by adding
different amounts of Et3NHI to the ethylene glycol
phase. Fig. 5 shows an interesting result that the rate
of reaction increases with an increase in the amount
of Et3NHI added even when it is less than 1/10 of the
amount of triethylamine used; this promotion effect
becomes leveled down at larger amount of the addi-
tive. Fig. 6 indicates the rates of reaction for the single
runs (squares) using different amounts of Et3NHI
added and the repeated runs (circles) for which the
total amount of Et3NHI has been calculated from the
conversion of iodobenzene. These results show very
similar changes for the single and repeated runs. So,
it is clear that Et3NHI has some effect on the rate of
promotion and this aspect will be further discussed in
the following section.
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Fig. 6. Relationship between the relative rate of reaction and the
total amount of Et3NHI accumulated during the repeated runs.
Catalyst: palladium acetate 0.2 mmol, TPPTS 0.4 mmol, ethylene
glycol 1.0 g, silica gel 2.0 g. Reaction conditions: iodobenzene 20
mmol, butyl acrylate 40 mmol, triethylamine 20 mmol, toluene
40 ml, temperature 100◦C, time (�) 60 min, (�) 240 min for
each run.

When potassium acetate was used instead of tri-
ethylamine, the rate of reaction decreased during
the repeated (three) runs, as shown in Fig. 4. After
the filtration, the SLPC sample was seen to slightly
expand, which may be due to the adhesion of potas-
sium acetate onto the catalyst surface, resulting in the
decrease of the rate of reaction.

3.4. Dispersion of active liquid phase
and SLPC-catalyzed Heck reaction

The present results demonstrate that the rate
of Heck reaction depends on the concentration of
Pd–TPPTS species in the supported ethylene glycol
phase but it is little influenced by the total amount of
the active species used. It is assumed that the reaction
occurs at the interfacial layer between a continuous
phase of toluene and a dispersed phase of ethylene
glycol. In this case, the interfacial area may be an
important factor for the overall rate of reaction. Prob-
ably the ethylene glycol phase is well dispersed on
the surface of support, which covers some area of
support surface; when the quantity of ethylene glycol
is increased, this liquid-support contact area does not
change so much but the thickness of the ethylene

Fig. 7. Illustration of the change of dispersion state of the ethylene
glycol phase containing Pd–TPPTS active species with increasing
quantity of ethylene glycol and with decreasing size of support
granules. This changes the interfacial area between the continuous
and dispersed phases, which is influential for the overall rate of
reaction. As a result, the rate of reaction does not depend on the
quantity of the ethylene glycol phase but on the concentration of
the active species in this phase.

glycol phase increases, as illustrated in Fig. 7. Thus,
the rate of reaction changes little with the quantity of
the ethylene glycol phase but it does with the con-
centration of Pd–TPPTS in this phase. The size of
silica gel granules was not influential in the rate
of reaction and so it did not vary the dispersion
of the catalyst- containing ethylene glycol phase,
as illustrated in Fig. 7. The surface nature of sup-
porting materials is important for the dispersion of
catalyst-containing liquid phase on them, as pointed
out by Mirza et al. [12].

One of the interesting findings in the present work
is that the accumulation of Et3NHI base-adduct con-
tributes to the promotion of the rate of reaction during
repeated runs. Such a positive effect of base-adducts
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has not been reported so far in the literature to our
knowledge. This result could be related with the pro-
motion effect of so-called Jeffery conditions [21],
under which palladium(II) salts are combined with
tetrabutylammonium halide additives. We have at-
tempted to prepare a SLPC sample using Et3NHI
instead of TPPTS in the same preparation procedures.
Interestingly, this SLPC sample was also shown to
be active, giving a rate of reaction that was about
60% of that of the sample with TPPTS. According
to a well-accepted Heck reaction mechanism [17],
the base-adduct is formed at the last step of catalytic
cycle regenerating the active palladium complexes.
Although we have not at present a reasonable expla-
nation for the promotion effect of Et3NHI observed,
it should be noted that when Et3NHI was added to
ethylene glycol including palladium acetate at room
temperature the color of the mixture changed to dark
brown similar to that of the palladium–TPPTS com-
plexes formed at around 60◦C during the preparation.
Some active palladium species should be produced
from palladium and Et3NHI. Detailed study on this
aspect is in progress in our laboratory using spectro-
scopic techniques.

As described above, the short induction periods
have not been observed for the recycling runs. This
may be related with the presence of the active species
formed from palladium and Et3NHI in the dispersed
phase at the start of reaction for the repeated runs. For
the first run, however, the active species are formed
from palladium acetate and TPPTS; it is likely that
this formation is not finished at the start of reaction
and continues for a short time at a reaction tempera-
ture, leading to the induction period.

The systems and reactions using SLPC samples
are not simple. There remains a further study on the
optimization of other reaction conditions, including
the ratio of the dispersed (SLPC) and continuous
(solvent) phases, the concentration of substrates,
the surface properties of support materials, and so
on, and on the development of a kinetic simulation
model.

Fremy et al. reported rhodium-catalyzed hydro-
formylation of �,�-unsaturated esters with SLPC
samples using water as a dispersed phase [22]. They
pointed out that the reaction locus changes with the
solubility of substrates into the dispersed phase. They
also observed a decrease in the activity during recy-

Table 1
Influence of the kind of dispersed phase (supporting liquid) on the
rate of reaction

Dispersed phase Reaction rate
(mmol l−1 min−1)

Leaching
of Pd (%)a

Ethylene glycol 0.084 1.8
Propylene glycol 0.212 2.3
Water 0.212 19.5
Ethylene glycol+ waterb 0.074 –c

a Relative to the initial amount of palladium used. Measure
after runs for 1 h.

b 0.6 ml of water was added to toluene.
c Not measured. Reaction conditions: iodobenzene 20 mmol,

butyl acrylate 40 mmol, triethylamine 20 mmol, toluene 40 ml,
temperature 100◦C. Catalyst: palladium acetate 0.2 mmol, TPPTS
0.4 mmol, supporting liquid 1.0 g, silica gel 2.0 g.

cling of their SLPC samples, which was attributed to
the leaching of rhodium into solvent and the gradual
dehydration of a support material of silica.

3.5. Influence of supporting liquids

Other polar liquids, propylene glycol and water,
have been tested as a dispersion phase instead of
ethylene glycol. Table 1 gives the results using these
dispersion liquids, showing higher rates of reaction
with propylene glycol and water compared with ethy-
lene glycol. The quantity of palladium leaching into
toluene was measures by UV/VIS spectrometry. As
shown in Table 1, the palladium leaching levels were
similarly low for the two glycols while it was higher
by one order of magnitude for water. So, the higher
rate of reaction for the SLPC with waters is likely
to be due to homogeneous nature of reaction caused
by the dissolution (leaching) of palladium into the
solvent. In some homogeneous cases, the presence of
water in reaction mixture promotes the rate of Heck
reaction [23]. As shown in Table 1, when a small
quantity of water was added to toluene and the re-
action was conducted with the SLPC with ethylene
glycol, it did not increase the rate of reaction. The
higher rate of reaction with the SLPC with propy-
lene glycol would be related to its less polar nature
compared with ethylene glycol; this may increase the
interfacial area between the dispersed and continuous
phases and/or this may cause a partial dissolution into
toluene, resulting in an increase in the concentration
of palladium species in the dispersed phase.
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4. Conclusion

The SLPC samples were prepared using ethylene
glycol and silica gel as supporting materials, and
these catalysts were applied for palladium-catalyzed
Heck reaction of iodobenzene and butyl acrylate in
toluene in the presence of triethylamine. The rate of
reaction depends on the concentration of Pd–TPPTS
complexes in the dispersed phase of ethylene glycol
while it changes little with the quantity of the dis-
persed liquid phase used. The SLPC sample can be
reused and the rate of reaction is promoted during the
repeated runs, due to some effect of Et3NHI formed
and accumulated in the dispersed phase.
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