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Abstract

The fluorous palladium(Il) complex, [Pd(OAc),{P(CsHy-p-SiMe,CH,CH,CsF3)3 }2], has been prepared and characterized. Its application in
the catalytic methoxycarbonylation of styrene in an MeOH/CF;C¢Hs mixture (1/1 v/v) has been explored and its activity was compared to that of
[PA(OAc),(PPh3),]. The fluorous complex showed a lower activity but a significantly higher selectivity towards the branched product. Investigation
of both the conversion-versus-time and i:n ratio-versus-time profiles showed an unusual behaviour in the case of the fluorous complex, which has
been ascribed to the formation of a dinuclear species for the fluorous complex.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The methoxycarbonylation of vinyl-arenes is an interesting
topic for academic research and has been performed industrially
[1-5]. In this process, a transition metal species catalyzes the
formation of methyl esters from alkenes, CO and MeOH (Eq.

(D):

Q
@__// Pd catalyst, MeOH, CO oMe | OMe
H,0O, acid, AT )

The most active catalysts for this reaction are based on palla-
dium(Il) and phosphine ligands. Both monodentate [1-4] and
bidentate phosphine ligands [5] can be used, while addition of
strong acids like p-toluenesulfonic acid or triflic acid is needed to
boost activity. An important issue is the selectivity towards either
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the linear (n) or branched (i) product. The branched esters are of
interest to the pharmaceutical industry because they are precur-
sors for an important class of non-steriodal, anti-inflammatory
drugs like naproxen [6] and ibuprofen [7]. In order to comply
with legislation, these compounds should be obtained in pure
form and be devoid of even traces of catalyst remaining in the
product. Furthermore a high selectivity towards the branched
product is desirable.

A number of catalysts have been used for this reaction, some
of which give a high selectivity towards the desired branched
product. Generally these reactions suffer from low reaction rates,
because of the low temperatures required to obtain good selec-
tivities. Raising the reaction temperature leads to higher rates
indeed, but also to a complete loss or even a reversal in selectiv-
ity providing more of the linear product. A further aspect that
has been addressed in several studies during recent years is cat-
alyst recycling. This research is mainly stimulated to deal with
the high palladium loadings (0.1-5mol%) that are needed to
get high conversions in reasonable reaction times. In most cases
catalyst recycling was attempted by performing the reaction in
an aqueous biphasic solvent system, in which the catalyst was
preferentially dissolved in the aqueous phase whereas the sub-
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strates and products are present in the second, mostly organic
phase. Consequently, alkoxycarbonylations under biphasic con-
sitions are limited to those substrates that have a relatively good
solubility in the aqueous phase [8,9].

An alternative biphasic separation technique based on fluo-
rous biphase systems (FBS) and fluorous catalysts [10—-13] has
not yet been explored for metal-catalyzed alkoxycarbonylation
reaction. It is obvious that the dissolution of polar transition
metal catalysts in the fluorous phase requires their function-
alization with perfluoroalkyl groups, which will increase the
fluorophilicity of the precursor complexes. In this paper we
present our attempts to use the FBS technique for the methoxy-
carbonylation of styrene.

To study the effect of perfluoroalkyl tail-functionalization
on the catalytic performance and stability of Pd-based alkoxy-
carbonylation reactions, a lightly fluorous palladium complex
[Pd(OACc)2 {P(CsH4-p-Rrg)3}2] (Rps =SiMesCHyCH,CeF13)
(2) was prepared and its performance in the methoxycarbonyla-
tion of styrene was compared with the well-studied non-fluorous
analogue [Pd(OAc)2(PPh3)2] (1). A related fluorous Pd(0)
complex, [Pd(0)(P{C¢Hs-p-SiMer(CH2CH,C6F13)}3)2(MA)]
(MA: maleic anhydride), was found to be too unstable in the
methoxycarbonylation of styrene [28]. The successful applica-
tion of lightly fluorous P, N ligands in the Pd-catalyzed methoxy-
carbonylation of phenylacetylene, in regular solvents as well as
supercritical CO,, was recently published [29].

2. Experimental
2.1. General remarks

All reactions were performed using standard Schlenk tech-
niques under dinitrogen atmosphere. Diethyl ether, n-hexane and
n-pentane were distilled from Na/benzophenone prior to use.
CH,Cl, was distilled from CaH,. MeOH was distilled from
Mg(OMe),. CF3CgH5 was distilled from P,O5 and stored on
molsieves under a dinitrogen atmosphere. CDCl3 (Cambridge
Isotopes Laboratories, CIL) was degassed and stored under a
dinitrogen atmosphere on molsieves. Deuterated methanol (CIL)
was distilled from NaOCD3 and stored on molsieves under a
dinitrogen atmosphere. [Pd(OAc);] (Degussa), PPh3, p-toluene
sulfonic acid monohydrate and n-decane (Acros) were used as
received. Styrene was passed over a short column of neutral
alumina (Merck) immediately prior to use. CO (Hoekloos, Prax-
air, >99.9% purity) was used as received. Standard 'H, '°F and
3'P{'H} NMR spectra were recorded on a Varian Unity-INOVA
300 MHz, a Varian Mercury 200 MHz or a Varian Mercury-
VxWorks 300 MHz spectrometer. 'C{'H} NMR spectra of
the fluorous complex were recorded on a Varian Unity-INOVA
500 MHz spectrometer. 'H and '*C{'H} NMR spectra were
referenced to the residual solvent peak, 3'P{'H} NMR spectra
externally to H3POy4 (85%) and '°F NMR spectra externally to
CFCl3. Quantitative GC analysis were performed on a Varian
3300 Gas Chromatograph, equipped with J&W Scientific Inc.
DB-5 column (30 m, 0.320 mm internal diameter) and a FID-
detector (280 °C), using Nj as the carrier gas and attached to
a Varian 4400 integrator. Elemental analyses were carried out

by H. Kolbe Mikroanalytisch Laboratorium, Miilheim an der
Ruhr. P{CsH4-p-SiMe(CH2,CH,CgF13)}3 was synthesized as
reported [14].

Note. Little is known yet about the toxicology of fluorous
phosphines and their metal complexes. It is therefore recom-
mended that proper personal protection measures are taken as
a precaution when working with these kinds of compounds.
Because of their amphiphilic nature, especially contact with the
skin should be avoided.

2.2. Synthesis of [Pd(OAc)>(PPh3)2] (1) [15]

In a typical experiment, [Pd(OAc),] (0.24 g, 1.06 mmol) was
dissolved in MeOH (20 mL). The [Pd(OAc);] had dissolved in
less than 30s. Immediate addition of PPh3 (0.56 g, 2.12 mmol)
to the orange solution resulted in the formation of a yellow sus-
pension. After stirring for 5 min at room temperature all volatiles
were evaporated in vacuo. The remaining orange-yellow solid
was washed twice with Et,O and dried, affording a yellow solid
(0.73 g, 0.98 mmol, 92%). NMR-data ('H, 13C, 3!P) were in
agreement with literature values [15].

2.3. Synthesis of [Pd(OAc)2(P{CsHy4-p-SiMe;
(CH>CH>CgF13)}3)2] (2)

In a typical experiment, P{CgH4-p-SiMe2(CH,CH,Cq
Fi3)}3 (0.39g, 0.26mmol) was dissolved in a mixture of
dichloromethane and methanol (1:2v/v, 21 mL total volume).
To this slightly turbid yellow solution was added [Pd(OAc);]
(0.029 g, 0.13 mmol). The solution immediately became orange
and turbid. After 5 min, when the colour changed from orange to
yellow, all solvents were removed in vacuo. The desired complex
was isolated as a light-yellow solid (0.41 g, 0.12 mmol, 85%)
after washing with n-pentane. I'H NMR (CDCls, 300.1 MHz):
8 0.29 (s, 36H, Si(CH3)), 0.74 (s, 6H, H3CCOO™), 0.96
(m, 12H, SiCH3), 1.95 (m, 12H, SiCH;CH>), 7.62 (m, 24H,
aryl-H). 3C{'H} NMR (CDCl;, 125.7MHz): § —3.59 (s,
Si(CH3)3), 5.18 (s, SiCH>CH3), 21.38 (s, CH3C=0), 25.98 (t,
2Jc_p=25Hz, SiCH,CH,), 114-121 (several m, CgF3-tail),
130.63 (t, J=25Hz), 133.59 (m), 134.23 (m), 140.57 (s), 141.42
(s), 175.66 (s, C=0). 31P{IH} NMR (CDCl3, 81.0 MHz): § 15.6
(s, trans-complex); 17.3 (s, cis-complex). Elemental analyses:
Calc. C: 37.83, H: 2.86, F: 46.68, P: 1.95, Pd: 3.35. Found C:
37.81, H: 2.94, F: 46.78, P: 1.93, Pd: 3.28.

2.4. Synthesis of [Pd(OAc)(ju-OAc)(P{CsHy4-p-SiMe,(CH>
CH>CsF13)}3)]2 (3)

A similar procedure as that for 2 was used, but now
a palladium-to-phosphine ratio of 1:1 was used. Starting
from P{C¢H4-p-SiMer(CH,CH,CgFi3)}3 (0.36 g, 0.25 mmol)
and [Pd(OAc),] (0.058 g, 0.25 mmol) the final product was
obtained as a light-orange solid (0.25g, 60%). 'H NMR
(CDCl3, 300.1 MHz): 6 0.29 (s, 36H, Si(CH3)2), 0.70 (s, 12H,
H3CCOO7), 0.96 (m, 12H, SiCH>), 1.95 (m, 12H, SiCH,CH,),
7.75 (m, 24H, aryl-H). *'P{'H} NMR (CDCl3, 81.0 MHz): §
20.93. No suitable elemental analyses could be obtained.
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2.5. Catalytic experiments

Standard catalytic runs were performed by using two auto-
claves. One was a stainless steel autoclave with a total volume of
100 mL, equipped with a pressure gauge, a rupture disc assem-
bly and a Swagelok™ connection towards the high pressure
system. To prevent contamination of the solution with residues
from the autoclave walls and bottom a glass insert was used
in all reactions. The second autoclave was an in-house built
stainless steel autoclave (V=50mL) [16], equipped with two
borosilicate (Maxos 200) windows to allow visual inspection of
the interior of the autoclave, a pressure transducer, temperature
gauges inside the autoclave and the wall, a rupture disc assembly
(set at 250 bar) and four heating elements in the wall for heat-
ing. In a typical experiment, a known amount of the appropriate
catalyst precursor, 30 equiv. of p-toluenesulfonic acid monohy-
drate (p-TsOH), 600 equiv. of degassed water and 150 equiv. of
styrene were mixed together in the appropriate solvent(s), giving
a palladium concentration of ~2 x 1073 M. This solution was
charged to the autoclave under nitrogen flow. After sealing the
autoclave it was flushed three times with N», followed by three
times flushing with CO. The autoclave was then heated to the
desired temperature. The reaction was started by pressurizing
the autoclave with 30 bar of CO. The content of the reactor was
stirred using a magnetic stirring bar. When the reaction time
had passed the autoclave was cooled with an icebath for 15 min.
Subsequently, the pressure was carefully released during 10 min
and the liquid phase was quantitatively analysed for reagents and
products by GC using n-decane as an internal standard.

2.6. HP-NMR experiments

An in-house built 10 mm sapphire HP-NMR-tube [17,18],
equipped with a titanium head which allows the introduction of
gasses, was charged with 1.5 mL of a 1:1 solution of d4-methanol
and CF3CgHjs, containing the catalyst precursor, styrene and the
appropriate amounts of acid and H,O. After sealing the tube
and flushing with Ny, the tube was charged with CO (30 bar).
The tube was transported to the NMR spectrometer, which was
already warmed to 80 °C. After shimming ' H NMR spectra were
recorded with 5 min intervals. After the desired reaction time the
NMR-tube was ejected from the spectrometer and transported
to a fumehood where the excess pressure was released.

Note. Since high pressures of CO are used, work should be
conducted in a fumehood equipped with a CO detection sys-
tem and sufficient ventilation capacity. Furthermore, laboratory
personnel must never be directly exposed to the pressurized cell
and sufficient personal protection must be ensured by employing
proper safety shields.

3. Results
3.1. Synthesis of Pd-complexes
After the initial investigations by Drent and co-workers at

Shell, [Pd(OAc),2(PPh3);] (1) has been successfully used by the
group of Toniolo and co-workers as a catalyst precursor in the

methoxycarbonylation of styrene [ 1]. We also used this approach
successfully in the methoxycarbonyation of phenylacetylene
by the related palladium acetate precursor [Pd(OAc),{P(2-
CgHsN)(CsHyg-4-Rpg )2} [29].

For the synthesis of the fluorous pre-catalyst, we used the
fluorous phosphine P(CgH4-p-Rpg)3 that was already available
from previous studies [14]. The common route for the synthesis
of 1 involves the reaction of [Pd(OAc),] and PPh3 in boiling
benzene for several hours [19]. When we initially employed this
synthetic route we obtained 1 in 80-90% yield after precipi-
tation and washing with n-hexane. This method, however, did
not work for 2. Instead, decomposition occurred and mixtures
of compounds were obtained at these temperatures, presumably
because of the low stability of compound 2 in boiling benzene
[20]. Conducting the synthesis at lower temperatures was also
not successful. In all cases mixtures of products were obtained,
containing the desired product in minor amounts.

We therefore adopted the method published by Toniolo
and co-workers in 1995, who prepared the complex [Pd(dppp)
(OAc);] using MeOH as the solvent [15]. When applied to the
synthesis of 1, the desired complex could be obtained in a 92%
yield (Eq. (2)). However, the fluorous ligand did not completely
dissolve in MeOH. By changing the solvent to a 2:1 (v/v) mix-
ture of MeOH and CH;Cl, (where CH,Cl; ensured that all of
the fluorous phosphine had dissolved) and by applying short
reaction times, the desired compound 2 was obtained in good
yield (Eq. (3)) [22]:

[Pd(OAc),] + 2PPh3“@>“[Pd(0Ac)12(PPh3)2] 2)

[PA(OAC),] + 2P(CeHy-p-Rg)3
MeOH/CH,Cl,(1:1
O EBELUD by OAC), (P{CeHy-p-Reg)3), .
2

Rr6 = ~SiMe,CH,CH,CoF 13 )

Complex 2 was characterized by 'H, *C{'H} and >'P{'H}
NMR spectroscopy and by elemental analyses. In the NMR spec-
tra some differences between 1 and 2 were apparent. Whereas for
1 only the trans-complex could be detected in its >'P{'H} NMR
spectrum at 25 °C (in CDCl3), the solution of 2 appeared to con-
sist of a mixture of frans- and cis-isomers, the frans-isomer being
the major species (90:10 trans/cis) [21]. The different propen-
sity of 1 and 2 towards dimer formation is most interesting.
Facile formation of dimeric [Pd(OAc), {P(C¢H4-p-Rpe)3 }2 (3)
already took place during the synthesis of 2. Complex 3 was also
synthesized independently (Eq. (4)) [23]:

[PA(OAC),] + P{CeH4-p-Rre)s
MO ECLED 1 1Pa(0AC) (-OAC)(P{CeHy-p-Rg )],
3

Rpg = —SiMe;CH,CH,C6F 13 “)

Solubility studies involving 2 showed that this complex is
soluble (more than 0.1 g/mL) in a variety of commonly used
organic solvents (e.g., pentane, hexane, chloroform and di-
chloromethane). Furthermore, this compound is also soluble
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Table 1
Results for methoxycarbonylation of styrene using non-fluorous 1, fluorous 2
and 3 as catalyst precursors®

Entry Precursor Solvent (v/v) Time Conversion icn
(min) (%)
1 1 MeOH 60 95 0.67
2 2 MeOH 60 0 -
3 1 MeOH/BTF (1:1) 60 85 0.67
4 2 MeOH/BTF (1:1) 60 17 1.17
5 2 MeOH/BTF (1:1) 90 25 1.11
6 2 MeOH/BTF (1:1) 120 45 1.11
7 2 MeOH/BTF (1:1) 180 68 1.11
8 2 MeOH/BTF (1:1) 240 70 1.11
9 2 MeOH/BTF (1:2) 180 15 1.17
10 2 MeOH/BTF (2:1) 180 0 -
11 3 MeOH/BTF (1:1) 105 10 1.63
12 3 MeOH/BTF (1:1) 150 16 1.63

% General conditions: 80°C, 30bar CO, 30equiv. of p-toluene sulfonic
acid (p-TsOH), Pd:styrene=1:150, 600equiv. of H,O, [Pd]=2 pumol/mL,
BTF=CF;C¢Hs.

in several fluorous solvents (perfluorohexane, 1-(perfluorobutyl)
tetrahydrofuran, and perfluoro methylcyclohexane) as well as
scCO;. Also in these solvents the equilibrium involving 2 and 3
(Eq. (5)) is shifted to the side of 3 and free phosphine:

[Pd(OAc),(P{CcHa4-p-Rre}3), ]
2
= 3[PA(OAC)(p-OAC)(P{CsHa-p-Rrs}3)];
3

+P(C¢H4-p-Rrs)3, Rpg = —SiMe,CH2CH2CoFr3 (5)

3.2. Catalytic methoxycarbonylation of styrene

Palladium pre-catalysts 1 with 2 were first compared in pure
MeOH as the solvent, applying almost identical conditions as
reported in the literature (150 equiv. of styrene were used instead
of 200 equiv.) [1]. For 1 this gave 95% conversion in one hour
with a similar i:n ratio of the products as reported in literature
(Table 1, entry 1). When 2 was used as pre-catalyst in MeOH as
the solvent, no conversion was observed (entry 2), most likely
because of the poor solubility of the pre-catalyst in this solvent.
However, a 1:1 (v:v) mixture of MeOH and CF3CgHj provided
a homogeneous reaction mixture in which both 1 and 2 were
soluble under the reaction conditions. In the further catalytic
studies this solvent system was used.

As can be clearly seen from Table 1 (entries 3 and 4), com-
plex 2 still had a significant lower activity than 1. However, a
significantly higher selectivity towards the branched product was
observed when compared with the non-fluorous complex. When
the dimeric fluorous complex 3 was used as the precursor, the
activity was even lower (entries 11 and 12) and a significantly
higher selectivity towards the branched product was observed
(i:n=1.63), which is higher than that observed for 2 (i:n=1.11
after 150 min).

To better understand the differences between 1 and 2, the
conversion and i:n ratio of the products for both complexes 1
and 2 were monitored over the course of the reaction (Fig. 1).

100+ 2
= Conversion for 2
;\‘-‘; 754 4 i/n ratio for 2
: /.,.’—l _. @ Conversion for 1
-~
% 3 O i/nratiofor 1
-1 » -
IE, 50 1 g‘
E o
o 254
o T T T L) 0
0 50 100 150 200 250

Time (min)

Fig. 1. Conversion and i:n vs. time plots for the methoxycarbonylation of styrene
in MeOH/BTF using complex [Pd(OAc),(PPh3),] (1) or [Pd(OAc),(P{CsHa-
P-Rpe }3)21 (2) as catalyst precursor. For conditions see Table 1.

In Fig. 1 it can be seen that when using 1 as the
pre-catalyst, the reaction was fast right from the beginning
(TOFs0 =250 molgiyrene molpg ' h™1) [24], whereas with com-
plex 2 during the first circa 90 min conversion was rather low.
Thereafter, the activity increased and leveled off when circa 70%
conversion was obtained. A TOF50 of 36 molstyrene molpg 1 h~!
was calculated for 2. Although the TOF5, values differ signif-
icantly, the TOF values at maximum activity only differ by a
factor of 2.5 (TOF ax for 2 =99 molgyrene molpg~! h™!, TOFpax
for 1=250 molsyrene molpg~'h™1). Fig. 1 also shows that for
complex 1 the i:n ratio remained constant during the entire reac-
tion time. For complex 2 again a completely different picture was
observed. During the first 90 min, when the conversion was low,
a high i:n ratio is observed (initially i:n=1.82), which slowly
decreased during that time period to i:n=1.11. After that the
i:n ratio remains constant. By monitoring the reaction by High
Pressure 'H NMR spectroscopy, using an in-house built 10 mm
sapphire NMR-tube [17,18], essentially identical results were
obtained, excluding a possible influence from sampling of the
reaction mixture.

We also tested 2 in a 1:2 mixture of methanol and o,o,o-
trifluorotoluene (Table 1, entry 9). This medium, we reasoned,
might provide a better compatibility with the fluorous cata-
lyst 2 and could possibly lead to higher conversion. However,
the opposite effect was observed (conversion of 15% after
180 min). Using a 2:1 biphasic mixture of methanol and «,o, -
trifluorotoluene (all other conditions equal) did not result in any
conversion (after 180 min).

The use of the fluorous complex 2 as the precursor led to
appreciable amounts of palladium black as compared to the case
when complex 1 was used as the pre-catalyst. This indicates that
the in situ formed active fluorous species are less stable under the
reaction conditions than those originating from the non-fluorous
complex 1. In fact initial experiments under fluorous biphasic
conditions failed due to a combination of Pd black formation and
instability of the catalyst system combined with a low reaction
rate due to mass transport limitations.

Reduction of catalyst decomposition was possible by
decreasing the reaction temperature. When the reaction with
2 was performed at 60 °C, no palladium black formation was
observed. However, conversion dropped dramatically (15% after
180 min) and more significantly than for non-fluorous 1 (45%
after 90 min compared to >95% conversion at 80 °C). Also the
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[Pd(OAC)2(PAr3)z]

p-TsCH, CO, H,0

[Pd(COOH)(p-TsO)(PArz);]

-COo,
CO-M
MeOH 002 [HPd( p—TsO)(PAra) ] oMe MeOH
[HPd(CO}(PAra)g]
[Pd(PAr;),L]"
[Pd(PAr3)2L1 Nnear(7) (HP(CON P branched () co
X [Pd(CO)(PAr3);] [PA(CO)(PA),I* .

Scheme 1. Catalytic cycle for methoxycarbonylation of styrene [1]. For all cationic palladium complexes the counteranion is p-TsO~. L=CO, PAr; or MeOH.

selectivity of the reactions was found to be highly temperature
dependent (i:n values of 1.86 (1) and 2.33 (2)), which is in line
with previous observations for non-fluorous catalysts [25,26].
The fluorous complex 2 maintained a higher selectivity than
non-fluorous 1 for the branched ester.

4. Discussion

Several differences can be noted between non-fluorous com-
plex 1 and fluorous complex 2. Whereas 1 was observed as the
trans-isomer only, 2 consisted of a mixture of cis- and trans-
isomers. Furthermore 2 is less stable in solution than 1, leading
to formation of the dimeric complex 3 and free phosphine (Eq.
(4)). For 1 the formation of the corresponding dimeric com-
pound ([Pd(OAc)>(PPh3)]2) was not observed. Although this
was not further investigated, we think that the presence of the
perfluoroalkyl groups is probably responsible for this behaviour.
Formation of the dimeric compound in the case of 3 may lead
to more favorable solvent—solute interactions.

The use of the fluorous palladium complex 2 as a precursor
in the methoxycarbonylation of styrene gave rise to a number
of interesting phenomena. During the first 90 min of the pro-
cess, a remarkable difference in reactivity between 1 and 2 was
observed. Whereas for the former a high conversion (>95% after
90 min), and a constant i:n ratio are observed, 2 suffers from an
induction period characterized by a lower conversion and a high
but decreasing i:n ratio. After this initial phase the selectivity
reaches a plateau at a level that is still higher than that of 1. These
results suggest that in the catalysis with 2 initially a species is

present which has a low activity, but a high selectivity towards
the i-isomer. Gradually, during the first 90 min of the reaction a
second species is formed, which has a higher activity but a lower
selectivity towards the i-isomer.

To offer an explanation for this behaviour one has to consider
the proposed catalytic cycle for the methoxycarbonylation of
styrene as proposed in the literature in more detail (Scheme 1)
[1].

Before the catalysis starts, a cationic palladium hydride com-
plex has to be formed, which takes several steps, all involving
mononuclear Pd species. Since we observed during the synthe-
sis of 2 that this compound easily forms the dimeric complex
[PA(OACc)(p-OAc){P(CcHa-p-Rpe)3 } 2 (3), such a process may
also compete with palladium hydride formation during catalysis
(Scheme 2). Compound 3 is likely to be converted further to
analogous tosylate complexes under the action of the excess of
p-TsOH.

When tested independently, pre-catalyst 3 gave a low conver-
sion but a high i:n ratio. The observed rate and i:n profiles for 2
in the first 90 min can be explained when the formation of com-
pound 3 as a competing catalyst precursor is taken into account.
We see, however, that after these 90 min, activity increases and
the i:n ratio remains constant when 2 is used as the precursor
complex. We can qualitatively account for this by assuming a
situation where mononuclear diphosphine species derived from
2 and monophosphine complexes derived from dinuclear 3 are
competing catalysts. The reaction profile for 2 reflects the differ-
ent stability of these species and is possibly further complicated
by residual activity of decomposition products. When the reac-
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p-TsOH, CO, H,0.

[PA(OAC)2{P(CgHy-p-Rre)slal

[PdH(p-TsO)P(CeHa4-p-Rrg)ale]

- HOAc, - CO»

2

Co||-CcOo

[PAH(CO){P(CeHa-p-Rre)alllp-TsO]

1/2 [PA(OAC)(-OACcHP(CeHy-p-Rrelallz + P(CeHa-p-Rrs)s

3

Rgg = -SiMesCHoCH3CgF 13

Scheme 2. Possible reactions during formation of the active species from 2, leading to formation of 3.

tion is performed with pure 3 as the precursor, this is not possible
and we see only the poor activity but good selectivity of the
species derived from 3.

Another interesting feature of the use of fluorous complex 2
compared to 1 is that, even after the initial induction period, it
gave a higher selectivity for the branched product. This is rather
surprising, since one would expect that introduction of the flu-
orous phosphines in the active species would lead to increased
steric bulk around palladium, which would favor the linear ester
(Scheme 1). However, we saw earlier that complex 2 in solu-
tion consists of a mixture of cis- and trans-isomers, whereas 1
appears as a solution of purely the trans-isomer. This tendency
of the fluorous complexes to form the cis-isomer could very well
play a role during catalysis as well. Although both pathways in
Scheme 1 involve cis-bis(phosphine)palladium intermediates in
which the acetate anions are replaced, the tendency of the flu-
orous catalyst precursor 2 to form more of the cis-coordinated
complex, despite opposing steric considerations, may be indica-
tive of less steric crowding induced by the fluorous ligand and
could be the origin of the higher i:n ratio obtained with the cat-
alyst system derived from 2. Although only speculative at this
point, the minimization of the number of solvent—solute inter-
actions and consequently an optimization of energetically more
stabilizing solvent—solvent interactions that result from pairing-
up of the fluortails in a cis-coordination mode, may play a role
here [27].

Although there are significant differences between fluorous
2 and conventional precursor 1, these do not rule out catalyst
recycling by the FBS techniques. However, thermal instability
and Pd black formation is a major obstacle for recycling of an
active catalyst system. Hence, Pd systems that are more resistant
to Pd(0) formation are clearly desirable.

5. Conclusions

We have synthesized the fluorous complex [Pd(OAc),
{P(C6H4-p-SiMezCHzCHzCGFl3)3}2] (2) in gOOd yield and
purity. In solution this complex is less stable than its non-fluorous
analogue [Pd(OAc)>(PPh3)>] (1), leading to the formation of
[Pd(OAC)(-OAC){P(CeHy-p-SiMe,CH,CHCoFi3)3 12 (3).
The mononuclear complex 2 was employed as a catalyst pre-
cursor in the methoxycarbonylation of styrene where it gave
rise to a lower activity, but a higher selectivity towards the

branched product when compared with non-fluorous 1. The
observed conversion-versus-time and i:n ratio-versus-time pro-
files showed a remarkably different behaviour between the flu-
orous and non-fluorous complex, especially in the early stages
of the reaction. The differences can be explained in terms of
competing species derived from 2 and 3 in case of the fluo-
rous complex 2. The present results demonstrate that fluorous
Pd-complexes that are active in the methoxycarbonylation of
styrene can be prepared. However, as initial experiments under
fluorous biphasic conditions failed due to Pd black formation,
catalyst stability and recycling need further investigation.
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