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Abstract

Catalytic dimerisation of ethene by [Pd(1,10-phen),]>* supported in three forms of Nafion has confirmed that diffusion
of reactants and/or products through Nafion is rate-limiting. However, a combination of low catalyst loading and high
dispersion of Nafion has resulted in extraordinary increases in ethene dimerisation activities when compared with the
homogeneous analogue. Initial activities as high as 760,000 turnovers h~! have been obtained for the supported complex
compared with a homogeneous activity of 32,000 turnovers h~ 1. These increases in activity most likely result from the very
polar, strongly acidic environment in Nafion which ensures effective anion—cation separation and promotes labilisation of
the nitrogen donor ligands. Enhancements in activities for co-polymerisation of ethene and carbon monoxide, and
carbomethoxylation of ethene have also been observed using Nafion supported Pd(11) catalysts in methanol. © 1999 Elsevier

Science B.V. All rights reserved.
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1. Introduction

‘Clean chemical processing technology’ is a
growing area of community and hence, indus-
trial interest. In this context, the application of
well-defined, homogeneous catalysts in chemi-
cal processing offers advantages of enhanced
activity and selectivity by providing a single
active site for reaction, hence, minimising by-
product formation and maximising efficient re-
source utilisation. However, practical difficul-

* Corresponding author. Tel.: +61-3-63243829; Fax: + 61-3-
63243839; E-mail: aj.seen@utas.edu.au

ties in separating homogeneous catalysts from
products has mitigated against their widespread
industrial use. The hybridisation of homoge-
neous and heterogeneous catalysts with the cata-
lyst supported on an inorganic or polymeric
support has thus been an attractive option for
combining the advantages of homogeneous cata-
lysts, i.e., specificity, efficiency and controlla
bility, with the ease of separation of heteroge-
neous catalysts.

In the past, a number of materias have been
used as supports, the most frequent being silica
and polystyrene [1]. The development of the
highly chemically resistant and thermally stable
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perfluorinated ion-exchange polymer, Nafion, in
the 1960s provided another suitable organic
support material [2]. Nafion is a perfluorinated
polyethylene with pendant sulfonic acid groups
that provide superacid ion-exchange properties
[3]. The structure of the polymer is that of an
‘inverted micelle with the sulfonate groups
forming internal, hydrophilic cells of approxi-
mately 40 A diameter and the perfluorinated
backbone forming hydrophobic channels of 10
A diameter [4]. These sizes are dramatically
influenced by the presence of polar molecules
such as water.

While the use of Nafion as a solid acid
catalyst in organic synthesis has been exten-
sively covered [5], the use of Nafion as a sup-
port for metal-complex catalysts has been lim-
ited to only a handful of studies. The first
successful use of Nafion as a catalyst support
was reported in 1978 when Olah and Meidar [6]
catalysed the hydration of alkynes using par-
tially exchanged mercuric Nafion. In 1984,
Kanemoto et al. [7] reported the oxidation of
alcohals into the corresponding carbonyl com-
pounds using t-butylhydroperoxide and Cr(ll1)
or Ce(lV) exchanged Nafion. Waller [8] used
Nafion supported palladium (Pd) catalysts to
catalyse the methoxycarbonylation of alkenesin
1984, and methoxycarbonylation of alkenes us-
ing Nafion supported Pd complexes has since
been reported by Chang [9] and more recently
by Crocker and Herold [10]. Apart from our
own work, the most recently reported studies of
Nafion as a metal-complex catalyst support have
been by Hanson et al. [11,12] who have immo-
bilised rhodium complexes containing cationic
phosphine ligands in Nafion and catalysed the
hydrogenation of dehydroaminoacids.

Over the past decade, we have undertaken
extensive studies on the ability of Nafion to act
both as a metal-complex support and catalyst
activator [13—17]. The main focus of our work
in recent years has been the use of Nafion as a
support for cationic Pd(ll) catalysts for the
oligomerisation and carbonylation of unsatu-
rated hydrocarbons. Interest in cationic Pd(Il)

complexes as catalysts has rapidly increased in
the past decade as a result of studies showing
the usefulness of such species to activate unsat-
urated hydrocarbons. In the early 1980s, Sen et
a. reported the oligomerisation of ethene, poly-
merisation of styrene and co-polymerisation of
CO with a range of olefins using Pd(CH ;CN),
[18,19]. By the 1990s, these cationic Pd(Il)
systems had become of interest to industry and
Drent of Shell reported on a variety of reac-
tions, including the hydroformylation and
dimerisation of olefins using Pd(I1) species with
weakly coordinating P and N donor ligands
[20]. Further work by Drent et al. has shown
that perfectly alternating polyketones and car-
bonylation of alkynes can result by atering the
ligands around the Pd(11) centre [21-23].

Our interest in these Pd(11) complexes stems
from the fact that they require a strong Bronsted
acid and weakly coordinating anions to achieve
maximum reactivity [20], a chemical environ-
ment that Nafion can provide.

Our initial work showed that a Nafion sup-
ported Pd(I1) catalyst with ethene dimerisation
activity comparable to its homogeneous ana-
logue was possible [15]. A distinct trend in
activities was observed depending on the nitro-
gen donor ligand and counter-ion in Nafion,
either H™ or Na™ [15]. This variation in activity
suggested that the basicity of the ligands com-
bined with the acid in Nafion-H™ resulted in
increased ligand lability which is consistent with
the assumption that dissociation of a ligand
needs to occur to produce a vacant coordination
site on the Pd metal centre [18,21,24].

In addition, [Pd(1,10-phen),]** immobilised
in the acid form of Nafion was found to be
active in water, thus allowing the synthesis of
organic chemicals in an inexpensive, non-toxic
solvent [17]. Jiang and Sen [25] have also re-
ported the use of water as a solvent using
water-soluble Pd(I1) compounds as catalysts for
co-polymerisation of alkenes with CO. One of
the complexes used by Jiang and Sen was, in
fact, [Pd(1,10-phen-SO;Na)(H ,0),I[BF,],, sm-
ilar to the complexes we have immobilised in
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Nafion. Although they found these compounds
to be effective catalysts in water, they did report
that their activities were much lower than that
usually observed in non-aqueous solvents. Our
results were in contrast to Sen’s findings as we
found increased ethene dimerisation activity for
Nafion supported [Pd(1,10-phen),]** in water
compared with methanol as solvent [17].

Our initia studies also showed that the activ-
ity of a supported Pd(I1) catalyst was dependent
upon the loading in Nafion and activities two to
three times the homogeneous analogue could be
obtained if the loading was reduced to 0.065
wt.% Pd [17]. Previously, Pd loadings in Nafion
were commonly of the order of 1 wt.% [8—10].
Waller has suggested that diffusional effects
may play a role in the activity of the Nafion
immobilised species [8], but no studies looking
at the dependence of activity on catalyst loading
in Nafion or dispersion of Nafion had been
undertaken prior to our work. In this paper, we
report on studies to determine if ethene diffu-
sion through Nafion is the rate-limiting process.
A range of catalyst loadings and several forms
of Nafion of various particle sizes have been
used to assess the trend in activity as the disper-
sion of Nafion is increased.

2. Experimental

PdCl, (Johnson Matthey Loan Scheme),
1,10-phen, AgQ(CF;SO,), 1,5-cyclooctadiene
(COD), 2-bromopyridine (Aldrich), carbon
monoxide and ethene (Matheson Gases CP
Grade) were used as received. Chlorodiphenyl-
phosphine (Aldrich) was freshly vacuum dis-
tilled before use. All other chemicals were of
reagent grade and used without further purifica-
tion unless otherwise stated. Three types of
Nafion were used in this work, namely Nafion
NR50 granules (equiv. wt. 1250), Nafion 117
film (equiv. wt. 1100), and Nafion 60—100 mesh
powder (equiv. wt. 1100), all of which were
generously donated by Du Pont and were regen-
erated by washing in HNO; and then water for

approximately 24 h. Nafion was dried at 100°C
under vacuum (0.1 mm Hg) for 24 h before use.
Nafion was used in the acid form for all cat-
aytic tests. The synthesis of [Pd(1,10-phen) ,]
[NO,], has been described previously, as has
the immobilisation of [Pd(1,10-phen),]** in
Nafion [15]. [Pd(1,10-phen),][CF,SO,], was
prepared in a similar manner to [Pd(1,10-
phen),]INO,], using Ag(CF,SO,) instead of
AgNO, to remove the chloride anions from the
Pd(1,10-phen),Cl , intermediate.

2.1. Preparation of [Pd(Ph, Ppy),]1[BF,],

The preparation of [Pd(Ph,Ppy),][BF,], was
carried out using PdCI ,(COD), which was pre-
pared from PdCl, using the method of Drew
and Doyle [26], and Ph,Ppy, which was made
from chlorodiphenylphosphine and 2-bromo-
pyridine using an adaptation of a literature
method by Maisonnet et al. [27].

Two equivaents of Ph,Ppy (0.83 g; 3.16
mmol) was added to a solution of PdCl,(COD)
(0.45 g; 1.58 mmol) in CH,Cl, (20 ml). There
was a colour change from yellow to orange
while the reaction mixture was allowed to stir
for half an hour. The mixture was evaporated to
dryness, washed twice with hexane to remove
COD, filtered, and then dried. The resultant
product was a yellow-orange solid Pd(Ph,
Ppy).Cl,.

The Pd(Ph,Ppy),Cl, was redissolved in
CH,CI,. Two equivalents of AgBF, (0.62 g;
3.16 mmol) was added and AgCl precipitated.
To ensure that all of the complex was in solu-
tion and not filtered off with the AgCl, methanol
(10 ml) was added. The complex changed colour
immediately from orange to red. The solution
was then filtered through Celite, the solvent was
evaporated off, washed with hexane, and dried
in vacuo.

Analysis calculated for PdC,,H,3P,N,B,Fg
-1/2CH,Cl,: C, 48.80; H, 3.44; N, 3.30.
Found: C, 48.63; H, 3.95; N, 3.26. MS(LSIMS)
of the cationic part: m/z 632 [M + e~ ]* (17),
651 [M + F]* (7), 554 [M-py]™ (30), 447 [ M-
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Ph,P]* (100), 369 [ M-Ph,Ppy]* (50). "H NMR
(300 MHz, CD,Cl,): & 8.0-7.0 (vb). *C NMR
(75 MHz, CD,Cl,): &, 134.8-132.6, 130.8-
129.5, (vb, phenyl and pyridyl carbons). *'P
NMR (120 MHz, CD,OD): & 37.42 (s), 33.15,
27.33, —1.85, —5.48.

2.2. Catalytic testing

Catalytic testing of supported and homoge-
neous Pd(11) species was carried out in a Biichi
BEP 280 laboratory autoclave capable of opera-
tion at up to 60 bar. The autoclave consisted of
a 250 ml jacketed stainless steel reactor vessd,
a baffle, a thermometer sleeve for a thermocou-
ple and an impellor with three blades 15 mm
long. The impellor was rotated at 400 rpm for
al tests. Heating fluid was circulated from a
Lauda KS 20 thermostat through the jacketed
vessel to maintain an interna temperature of
80 + 0.1°C for ethene dimerisation and ethene
and carbon monoxide co-polymerisation, and
44 + 0.1°C for methoxycarbonylation of ethene.

Ethene dimerisation catalytic testing typically
consisted of adding ca. 1 g of Nafion-H™ con-
taining the [Pd(1,10-phen),]** complex (or 10
pmol of [Pd(1,10-phen),][CF;SO,], for homo-
geneous tests) to the Blichi reactor followed by
200 ml of water. The reactor was then cooled to
ca 5°C with an ice bath to aid in the addition of
butane standard. Heating to reaction tempera-
ture was carried out over a period of haf an
hour, after which time the reactor was charged
with ethene to a pressure of 40 bar. Timing of
the reaction commenced when the ethene pres-
sure reached 30 bar. Progress of the catalytic
reaction was monitored over a 3—20 h period by
expanding ca. 1 ml of solution from the reactor
into a 150 ml stainless steel sample bottle, and
analysing the sample bottle headspace vapour
using gas chromatography (GC). Activities were
followed by the addition of butane (ca. 2—-3 g),
as an interna standard, to the solvent at the
beginning of the run. Subsequent comparison of
the GC butane peak area with the area of C,

akene products gave a measure of catalytic
activity after correction for the differing distri-
butions of butenes and butane in the reactor and
sample bottle headspace vapour. *

Co-polymerization of ethene and carbon
monoxide was undertaken using both [Pd(1,10-
phen),[CF;SO;], and Nafion supported
[Pd(1,10-phen),]**. For homogeneous tests, ca.
50 pmol of [Pd(1,10-phen),][CF;SO,], and 80
equivalents of p-toluenesulfonic acid were
added with 100 ml of methanol to the reactor.
For supported tests, ca. 1 g of Nafion NR50
granules, containing 10 wmol of [Pd(1,10-
phen),]**, was added to the reactor with 100 ml
of methanol. The reaction temperature of ca.
80°C was achieved over a period of 30 min,
after which time the reactor was charged with
CO to 20 bar, followed by a further 20 bar of
ethene. Timing of the reaction commenced on
addition of ethene and was monitored for 20 h.
Analysis of samples collected revealed no liquid
products were produced, however, solid product
was produced during catalysis.

Product anaysis for homogeneous tests:
Khaki solid: analysis calculated for C;H ,0: C,
64.27; H, 7.19. Found: C, 63.28; H, 6.95; N,
0.22; S, 1.86. IR (KBr disc): v (C=0) 1688
cm~L. *C NMR (75 MHz, CF,COOH /C,Dy):
5 2154 (C=0), 36.3 (CH,).

Product analysis for Nafion supported tests:
Off-white solid: analysis calculated for C;H ,O:
C, 64.27; H, 7.19. Found: C, 52.40; H, 5.34; S,
0.49. IR (KBr disc): » (C=0) 1692 cm~*. ©*C
NMR (75 MHz, CF,COOH/C.Dy): 6 215.3
(C=0), 36.2 (CH,).

Methoxycarbonylation of ethene was con-
ducted under strictly oxygen-free conditions
with the Buchi autoclave purged with N, before
each catalytic test. For supported tests, ca. 1 g

! Determination of the distribution of butenes between the
reactor and sample bottle headspace vapour was undertaken by the
addition of known amounts of butenes to the reactor and then
undertaking analyses as per the catalytic tests. Distribution coeffi-
cients were then calculated relative to butane.
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of Nafion NR50 beads, containing 10 wmol of
[Pd(Ph,Ppy),]?*, were added to the reactor,
which was sealed immediately, evacuated, and
then purged with N,. The addition of 100 ml of
dry oxygen-free methanol via syringe followed.
For homogeneous tests, ca 50 pmol of
[Pd(Ph,Ppy),l[BF,], and 80 equivalents of p-
toluenesulfonic acid in 10 ml of methanol were
added to the reactor via syringe, followed by the
addition of 90 ml of dry oxygen-free methanol.
These additions were made after the reactor was
sedled and purged with N,. Heating to the
reaction temperature of ca. 44°C was carried out
over a period of 10 min, after which time the
reactor was charged first with carbon monoxide
to 20 bar and then with ethene to 40 bar.
Timing of the reaction commenced on addition
of ethene. Progress of the catalytic reaction was
monitored over a 20 h period by expanding ca.
1 ml of catalytic solution into a 150 ml stainless
sted sample bottle and analysing the liquid
using GC. An external standard, ethyl hex-
anoate, was used. Sample preparation before
analysis involved weighing one to two drops of
the standard, followed by the addition of a
known weight of sample into a sample vial.

2.3. Gas chromatographic analysis

Products from catalytic testing were analysed
by GC using a HP 5890 GC fitted with a SGE
25 QC3/BP1-4.0 or SGE 25 QC3/BP1-0.5
column, with N, as the carrier gas.

For ethene dimerisation, butane and butenes
separation was achieved using a SGE 25
QC3/BP1-4.0 by undertaking isothermal analy-
ses a 35°C (N, carrier gas velocity of 11-13
cm~1) while andlysis for C4s and Cgs was
carried out by temperature programming from
35°C to 200°C at 5°C min~! with aN,, pressure
of 17 kPa. Peak assignment was made after
injecting individual isomers. The reaction
turnover number (TON) was defined as the
moles of ethene consumed per mole of Pd cata-
lyst, while the activity was defined as the TON
per hour.

For methoxycarbonylation of ethene GC
analyses were carried out using a SGE 50 QC3/
BP1-0.5 column and a heating rate of 10°C
min~* from 35°C to 250°C (N,, pressure of 100
kPa). Samples were analysed immediately after
addition of the external standard to avoid forma-
tion of the methyl ester of the external standard.
Since the main product for analysis was methyl
propionate, it was necessary to use a correction
factor, which was established to be 1.9. There-
fore, to calculate the number of moles of methyl
propionate produced, the calculation based on
the GC anaysis had to be multiplied by this
factor. GC-MS was used for initial identifica-
tion of products. The reaction TON was defined
as the moles of methyl propionate produced per
mole of Pd catalyst, while the activity was
defined as the TON per hour.

3. Results and discussion

As noted above, our initial studies of Nafion
supported Pd(11) catalysts revealed that the cat-
aytic activity of the supported catalyst was
dependent on the catalyst loading in Nafion
[17]. The increased catalytic activity observed
with decreasing catalyst loading in Nafion was
considered to potentially arise from a combina
tion of several factors. Firstly, the reaction may
be rate-limited at higher loadings by the diffu-
sion of ethene to the catalytic centres with only
those centres close to the outer surface able to
attain maximum activity. Catalytic sites towards
the centre of the support would be severely
rate-limited by low ethene diffusion. Secondly,
the water content of clusters in Nafion has been
observed to decrease as the protons in Nafion
are exchanged with larger cations [4], thus, a
decrease in complex loading could be expected
to lead to an increase in the amount of solvent
incorporated into the Nafion. This would result
in an increase in the free volume in Nafion and
cause the Nafion to swell. Consequently, an
increase in the free volume in Nafion and a
decrease in catalyst concentration would reduce
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Table 1
Ethene dimerisation activities for Nafion supported catalysts
Type of Loading Maximum Maximum
Nafion used (Wt.% Pd) activity turnover
(mol C,H,/ (mol C,H,/
mol Pd h) mol Pd)
Granules 0.100 87,000 135,000
0.050 190,000 195,000
0.025 300,000 465,000
Ribbon 0.100 155,000 220,000
0.050 325,000 560,000
0.025 533,000 450,000
Powder 0.100 270,000 160,000
0.050 528,000 400,000
0.025 764,000 590,000
Homogeneous 10 p.mol 32,000 17,200
[Pd(1,10-phen), ]
[CF;S0,],

diffusion limitations as well as reduce inter-
molecular interactions. These intermolecular in-
teractions may sterically hinder the catalytic
steps or result in deactivation of catalytic inter-
mediates. The possibility of intermolecular in-
teractions being a significant problem is quite
valid when we consider the dimensions of the
[Pd(1,10-phen),]>" complex, ca. 10 X 8 A [28],
and the size of the ionic clusters in Nafion
which are approximately 40 A in diameter [4].

AJ. Seenet al. / Journal of Molecular Catalysis A: Chemical 149 (1999) 233-242

To determine if ethene diffusion through
Nafion or intermolecular interactions between
catalyst molecules is the predominant factor
responsible for the dependence of activity on
loading, a range of catalyst loadings and three
forms of Nafion have been used to assess the
trend in activity as the dispersion of Nafion is
increased. The Nafion supports ranged in size
from the Nafion NR50 10-35 mesh granules
which are ca 0.5-1.0 mm in thickness, to
Nafion 117 film which is 180 wm thick, to the
Nafion 60—100 mesh powder which is ca. 150—
200 pm in diameter.

Table 1 summarises the ethene dimerisation
results found for Nafion-H™ supported [Pd(1,
10-phen),]?* for the three forms of Nafion
studied. The maximum activity for each system
was determined by sampling the autoclave
throughout the testing period and generally oc-
curred within the first 30—60 min of each test.
The increased activity with decreasing Pd load-
ing is clearly displayed by each of the Nafion
forms and is consistent with our previous obser-
vations [17]. A plot of TON vs. time is aso
shown for the homogeneous system and the
0.025 wt.% Pd supported systems, Fig. 1, and

—o— Powder
—-X—- Ribbon
——+—-Granules

---0---Homogeneous
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<)
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£
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[}
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Fig. 1. TON vs. time for ethene dimerisation using homogeneous and 0.025 wt.% Pd Nafion supported catalyst systems.
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illustrates how activity decreased with time. The
homogeneous catalyst was active for approxi-
mately 1 h, while the catalysts in the Nafion
granules and ribbon continued to be active for
1.5 h. In al cases, the supported catalysts out-
performed the homogeneous catalyst with supe-
rior turnovers.

In this study, catalytic activities as high as
760,000 turnovers h™* were observed for the
Nafion powder based system with a Pd loading
of 0.025 wt.% (300,000 turnovers h~! for
Nafion granules), while in our previous study
using Nafion granules, activities up to 80,000
were typically found [17]. This increase can be
partly attributed to the type of Nafion em-
ployed. There was aso a difference in experi-
mental design between the two studies. In our
previous work, using a 350 ml Parr autoclave,
the catalyst was contained in a small basket
attached to the stirrer shaft. With the Buchi
reactor, the catalyst was not contained in a
basket but was alowed to freely disperse in the
reaction solvent. This has most likely resulted in
an increase in the rate of transfer of reactant and
product between the solvent and Nafion sup-
port.

The extremely high activities of the Nafion
supported Pd(I1) complexes using water as the
solvent are possibly due to two contributing
factors. Protic solvents and weakly coordinating
anions have been determined to be important in
catalysis using cationic Pd(ll) complexes, as it
is believed that effective anion—cation separa-
tion is required for efficient catalysis [20]. The
highly polar environment in the clusters in
Nafion combined with the fact that the SO;
anion in Nafion is very weakly coordinating,
with coordination ability between PF;~ or BF,
and that of CIO, [8], should ensure excellent
anion—cation separation. Secondly, the acid
concentration in the Nafion clusters is relatively
high for catalysis, with 70 SO; groups per 40
A cluster [4] equating to an acid concentration
of ca. 2 M.

The increase in activity as the dispersion of
Nafion is increased from granules to ribbon to

the highly dispersed powder confirmsthat ethene
diffusion is, in fact, the major rate limitation.
By varying the dispersion of Nafion while main-
taining the catalyst loading, we have eiminated
effects such as changes in Nafion cluster mor-
phology and steric restrictions on the catalyst
molecules in the crowded Nafion cluster envi-
ronment.

Fig. 1 shows that the lifetimes of the sup-
ported catalysts are in the order granules>
ribbon > powder, this is also consistent with
diffusion limitations and suggests that each cata-
lyst can undergo a certain number of cycles
prior to deactivation. Increasing the dispersion
of the Nafion, as happens when the form of the
Nafion goes from granules to ribbon to powder,
will increase the percentage of molecules ini-
tially active thus, decreasing the life of the
overal catalyst system. In the case of the gran-
ules, for example, cataytic sites towards the
centre of the granules will never achieve maxi-
mum activity due to diffusion limitations and
thus, will continue to be active after the major-
ity of the catalytic sites have been deactivated.

Selectivity of the immobilised [Pd(1,10-
phen),]>* species for ethene dimerisation has
previously been found to be more than 90% for
both homogeneous and supported catalytic tests
[15], with the distribution of butene isomers
relatively constant during the course of a reac-
tion. The product distribution does, however,
vary from homogeneous to supported systemsin
water, typically, the product distribution ob-
tained for the homogeneous system was 22—25%
1-butene with 38—40% each of cis-2-butene and
trans-2-butene. For the supported systems, the
product distribution was 12—14% 1-butene with
42-44% each of cis-2-butene and trans-2-
butene. This again supports the suggestion that
diffusion limitations exist in Nafion since the
increased proportion of 2-butenes from the sup-
ported systems would result from increased iso-
merisation of 1-butene due to its slow diffusion
away from the catalytic centres.

Co-polymerisation of ethene and carbon
monoxide and methoxycarbonylation of ethene
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have also been studied using Nafion supported
[Pd(1,10-phen), ]?* and [Pd(PhPpy),]?*, respec-
tively, in methanol. The results again show that
in addition to Nafion functioning as a support, it
is able to act as a catalyst activator with in-
creased activities resulting for the supported
systems when compared with the homogeneous
systems.

For co-polymerisation, the TON for the ho-
mogeneous system was calculated to be 14 g
polymer g~—* Pd while the TON for the sup-
ported system was 70 g polymer g~ * Pd. Spec-
troscopic analysis of the products from both
systems gave results consistent with a strictly
alternating structure. The solid product from the
supported catalytic tests was off-white in colour,
whereas khaki coloured solids were formed in
the homogeneous tests. For the homogeneous
system, it was evident from the colour of the
sample that the polymer was not pure and ele-
mental analysis indicated that the polyketone
contained decomposed catalyst. For the Nafion

Table 2
Product distribution for methoxycarbonylation of ethene

supported system the crude product was a mix-
ture of polyketone product plus fragmented
Nafion beads caused by the growing polymer
chain breaking up the Nafion beads during
catalysis. Despite the product containing frag-
ments of the support, the results are particularly
interesting since the Nafion supported system
produced a cleaner product with a higher
turnover than the homogeneous system.
Carbomethoxylation of ethene resulted in
TON of 160 mol and 750 mol of methyl propi-
onate produced per mol of Pd for the homoge-
neous and supported systems, respectively, and
activities of 10 turnovers h~* and 235 turnovers
h~1, respectively. GC-MS analysis was used to
identify products formed in both the homoge-
neous and supported systems. Products ranged
from C, to C,, co-oligomers with the distribu-
tion of products shown in Table 2. A significant
observation from comparison of product distri-
butions for methoxycarbonylation of ethene for
supported and homogeneous systems was that

Prod Homogeneous Nafion-H"
roduct System Supported System
(%) (%)
/\BOMG Methyl propionate 39 78
AN OMe -methoxy-3-pentanone 7 2
(0]
(6]
A~e~+0Me Methyl 4-oxo-hexanoate 22 12
O
CoH140, N\O(VOMe or /V\g/\/fwe 10 2
CoH 1605 /\/\Cn)/\/9 OMe & )
CyoH1403 /\/\,(\/\NOMG o /VMOMG 16 6
o o} o o]
Unidentified Products 2 -
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the supported system had significantly higher
selectivity toward methylpropionate than the ho-
mogeneous system. This selectivity towards the
C, product by the supported system is most
likely a result of diffusion limitations of ethene
or carbon monoxide through Nafion. A low
concentration of ethene or carbon monoxide
relative to methanol in the vicinity of the cat-
alytic sites in Nafion would result in the termi-
nation step via methanol addition predominating
over the insertion of a second ethene or carbon
monoxide molecule into the co-oligomer. This
is consistent with Drent and Budzelaar’'s pro-
posed mechanisms for aternating co-oligo-
merisation of ethene and carbon monoxide [23].

4. Conclusions

The use of water for ethene dimerisation
using Nafion supported Pd(I1) catalysts has re-
sulted in extraordinary increases in product yield
(25 times) and activities approaching commer-
cialy viable activities (760,000 turnovers h™1).
Thisismost likely due to the very polar, strongly
acidic environment in Nafion which ensures
effective anion—cation separation and promotes
labilisation of the nitrogen donor ligands. En-
hancements in activities for co-polymerisation
of ethene and carbon monoxide, and car-
bomethoxylation of ethene have also been ob-
served using Nafion supported Pd(I1) catalysts
in methanol. Diffusion limitations do, however,
exist and a combination of low catalyst loading
and high dispersion of Nafion are required to
achieve these increased activities.

The use of Nafion provides the opportunity
to improve catalyst efficiency, to alter product
selectivity, and to use water as the reaction
medium for synthesis of organic chemicals.
While diffusion limitations through the Nafion
are apparent, increased product selectivity for
the supported system may more than offset any
reductionsin activity. The dimerisation of ethene
in water shows that the conversion of hydropho-

bic species, such as akenes, is possible in water
avoiding the use of expensive and potentially
hazardous organic solvents.
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