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Soluble polysiloxanes of various architectures (linear, star-shaped and hyperbranched), having vinyl, 2-
butylthioethyl and 2-diphenylphosphinoethyl side groups have been used as supports for palladium(II)
catalysts. Catalytic activity of such immobilized palladium complexes was tested in model Mizoroki–Heck
reactions. The activity of the complexes in terms of yield and turnover number was comparable to that
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of PdCl2(PhCN)2. Polysiloxane-supported catalysts show good stability and can be reused several times.
Catalysts immobilized on linear polymers show generally better stability than those immobilized on
branched structures. Mercury poisoning test indicated that the true catalytic species is the supported
complex. According to XPS analysis, palladium in the complexes with polysiloxanes is present as Pd(II).
XRF shows however a significant metal leaching after 5–10 reaction cycles.
alladium catalysts
izoroki–Heck reaction

. Introduction

The use of polymer-supported catalysts in organic synthesis has
ecome a common practice, especially following the rapid devel-
pment of combinatorial chemistry. Soluble polymeric supports
ave received significant attention since they combine advantages
f homogeneous catalysts (i.e., high activity) and insoluble hetero-
eneous catalytic systems (facile separation and reusability) [1,2].
oreover, polymer topology as well as the ligand density may be
odified over a wide range by proper design and controlled syn-

hesis of polymer [3]. Immobilized catalysts often show also good
electivity, in some cases different from that of small molecular
omplexes.

In order for a polymer to be useful as a soluble support for
catalyst or reagent, the polymer should be easily available,

emonstrate good chemical stability, provide appropriate func-
ional groups for attachment of catalytic moieties, and exhibit high

olubilizing power to dissolve molecular entities [1,2]. A variety
f organic polymers, like polystyrene, polyethylene, poly(ethylene
xide), poly(vinylpyridine), and others, have usually been used as
upports for catalysts [4–7]. The reports on the use of polysilox-
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anes as catalyst supports are very scarce [8–11]. Polysiloxanes are
known for their extreme flexibility, which may be advantageous, as
the chain may easily adopt optimal conformation for catalytic cen-
ters to participate in the reaction. Polysiloxanes are also chemically
and thermally stable and highly soluble in many organic solvents.
They may also be relatively easily separated from the reaction mix-
ture. These features make them interesting potential supports for
transition metal catalysts.

Recently, we reported on the synthesis and application of linear
polysiloxane with pendant thioether groups as support for palla-
dium catalyst for the Mizoroki–Heck coupling [12]. We now extend
this study to soluble polysiloxanes of various topologies, i.e., lin-
ear, star-shaped and hyperbranched, having vinyl, thioether and
diphenylphosphino pendant groups, which may be used as sup-
ports for palladium catalysts for the Heck reaction. The aim of this
work was to examine the activity and stability of Pd catalysts sup-
ported on polysiloxanes as a function of polymer structure and of
the ligand type.

2. Experimental

2.1. Chemicals
Toluene, methanol (POCh, analytical grade) were purified by
standard methods [13]. N-methylpyrrolidone (ABCR, 99%) was
purified by distillation under reduced pressure. Methyl acry-
late (International Enzymes Limited, pure, stabilized with 15 ppm

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:mcypryk@cbmm.lodz.pl
dx.doi.org/10.1016/j.molcata.2009.11.016
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EHQ), 1-butanethiol (Janssen Chimica, 98%) and hexamethyl-
isiloxane (Aldrich, pure) were used as received. Iodobenzene
nd bromobenzene were distilled under argon. Azoisobisbuty-
onitrile (AIBN) (Fluca, pure) was purified by crystallization from
ethanol. Clarsil MO-2 was obtained by courtesy of Chemical

lant “Polish Silicones” Ltd. and used as received. PdCl2(PhCN)2
as prepared from PdCl2 (ABCR, 99.9%) and benzonitrile (ABCR,

9%) in toluene [14]. The mixture of vinylmethylcyclosiloxanes,
MeViSiO)n, n ≥ 4, obtained by hydrolysis of MeViSiCl2 was dried
y flushing nitrogen through the liquid mixture at 80 ◦C for
h. n-Butyllithium, 2.5 M in n-heptane (Aldrich) was analysed
y a method described in Ref. [15]. Karstedt catalyst (PSO85,
BCR) was used as received. 1,2-Bis(dichloromethylsilyl)ethane,
l2MeSiCH2CH2SiMeCl2, was synthesized by hydrosilylation
f methylvinyldichlorosilane with methyldichlorosilane in the
resence of the Karstedt catalyst in bulk as described in
ef. [16].

.2. Analyses

NMR spectroscopy. 1H, 31P and 29Si NMR spectra in CDCl3 were
btained with a Bruker 500 MHz spectrometer. Both 31P and 29Si
MR spectra were recorded with broadband proton decoupling.
heteronuclear gated decoupling with a 60 s delay or INEPT tech-

ique was used to acquire 29Si NMR spectra. The solid state CP MAS
xperiments were performed on a Bruker Avance DSX300 spec-
rometer equipped with a dual channel, broadband MAS probehead
sing ZrO2 rotors at 8 kHz rotation speed. 29Si resonance frequency
as 59.63 MHz, spectral range 35 kHz, contact time 5 ms and pulse
elay 6 s.

IR spectroscopy. The FTIR spectra were measured by a BIORAD
pectrophotometer in an air atmosphere.

Gas chromatography. Gas chromatographic analysis was per-
ormed on a Hewlett Packard 5890 II apparatus equipped with

TCD detector and a HP-50+ column (30 m × 0.53 mm × 1 �m).
njector and detector temperature: 210 ◦C. Carrier gas: helium.
emperature program: the column was kept in 50 ◦C for 2 min, then
eated to 150 ◦C at a rate of 5 ◦C/min.

Size-exclusion chromatography (SEC). SEC analyses were per-
ormed on an LDC Analytical refractoMonitor IV instrument
orking with an RI detector and equipped with two SDV columns

f the following parameters: 8 mm × 300 mm, 5 �m particle size,
ith 104 Å and 100 Å pore size. Toluene was used as eluent at a
ow rate of 0.7 ml/min. Molecular masses were calculated relative
o polystyrene standards.

DSC measurements. Phase transitions of polymer (1) were stud-
ed by DSC (differential scanning calorimetry) technique using a
uPont 2000 thermal analysis system. Thermograms were taken

or samples quenched rapidly from the melt upon heating at a
ate of 10 ◦C/min. The transition temperatures were taken as cor-
esponding to the maximum of the enthalpic peak.

Thermogravimetric analyses (TGA) were performed on a TA
nstruments 2950 TGA HR analyser at a rate of 10 K/min under
itrogen.

XPS spectra. X-ray photoelectron spectra of all samples were
cquired at room temperature using an ESCALAB-210 (VG Scien-
ific, England) spectrometer and an non-monochromated Al K�
h� = 1486.6 eV) X-ray radiation source, operated at 300 W (15 kV,
0 mA). Survey scan (0–1350 eV) was acquired at pass energy of
emispherical analyser of 75 eV, with step 0.4 eV. Detail spectra

n all regions were acquired at pass energy 25 eV and step 0.1 eV.

he samples were attached to the sample holder and evacuated to
acuum below 8 × 10−9 mbar without any further treatment. Data
rocessing was performed using Avantage Data System (Thermo
lectron). Data smoothing procedure was applied and the non-
inear Shirley background was subtracted. Peak synthesis by a
lysis A: Chemical 319 (2010) 30–38 31

symmetric Gaussian–Lorentzian product function, with L/G ratio
0.3 ± 0.05, was used to approximate the line shapes of the fitting
components. For quantification the Scofield sensitivity factors and
determined transmission function of the spectrometer were used.
Binding energy scale was referenced to the C 1s peak of C–Si bond of
siloxane according to Beamson and Briggs data with BE = 284.38 eV
[17].

Atomic absorption spectrometry (AAS). Samples were dissolved
in aqua regia (HCl:HNO3 = 3:1) in a sealed microwave system
MILESTONE 1200 MEGA. Obtained solutions were transferred to
measuring flasks and diluted with deionized water. The blind
sample was subjected to the same procedure. Pd content was deter-
mined by atomic absorption spectrometry using flame atomization
with a SOLAAR M6 (Unicam Atomic Absorption) spectrometer at
244.8 nm.

X-ray fluorescence (XRF) analysis. The palladium content was
determined by XRF spectroscopy using an ED-XRF (energy dis-
persive X-ray fluorescence) Canberra, model 1510 Spectrometer.
The samples were homogenized with colloidal silica (in propor-
tion polysiloxane–PdCl2 complex/SiO2 = 1:20) using MoO3 as the
internal standard (0.5 wt%). Obtained powder was then pressed
into tablets having surface density of 0.0478 g/cm2. The tables
were excited using an Am-241 source of photons at 60 keV. Pd–K
and Mo–K photons were detected using a semiconductor Si(Li)
detector.

2.3. Syntheses

Preparation of linear polyvinylmethylsiloxane (1a). Polylvinyl-
methysiloxane 1a was prepared by a common reaction of equili-
bration of the mixture of vinylmethylcyclosiloxanes, (MeViSiO)n,
n ≥ 4 (28 g), in the presence of acid activated clay as catalyst, Clarsil
MO-2 (ca. 3%, w/w), and hexamethyldisiloxane, HMDS (0.94 mmol),
as molecular weight regulator [18]. The reaction was carried out
48 h at 70 ◦C. The catalyst was then removed by shaking the
reaction mixture with several portions of water. Polymer was
purified by twofold precipitation by adding methanol to concen-
trated dichloromethane solution and dried by heating under high
vacuum for several hours. Colorless, transparent polymer was
obtained whose molecular weight was estimated at Mn = 15,000,
Mw/Mn = 1.5, by SEC analysis and Mn = 22,000 by 1H NMR spec-
troscopy (calculated from 1H signal ratio of the Me3Si end-groups to
the MeSi groups inside chains). The theoretically expected Mn value
was 20,000, which corresponds to an average of 250 ViMeSiO units
in the polymer chain. The content of vinyl groups in the polymer
was calculated at 11.5 mmol/g, assuming Mn = 20,000. Glass transi-
tion temperature (DSC) Tg = −130 ◦C. 1H NMR spectrum shows two
multiplets at 5.76–5.84 and 5.90–6.04 corresponding to the vinyl
groups and a singlet of methyl groups at 0.15 ppm. 29Si NMR spec-
trum shows a signal at −34.9 ppm corresponding to the ViMeSiO
silicons inside the chain, in accord with earlier reports [19], and
signals at −32.3 and −34.3 corresponding to the Me3Si end group
and the penultimate ViMeSiO unit, respectively.

Synthesis of regular poly(vinylmethylsiloxane-co-dimethylsilox-
ane) (1b). Regular vinylmethylsiloxane–dimethylsiloxane copoly-
mer having vinyl groups separated by two dimethylsiloxy units
was prepared by anionic ring-opening polymerization of vinylpen-
tamethylcyclotrisiloxane (D2V) initiated by BuLi in THF at −10 ◦C
as reported previously [20]. 1H NMR signals of methyl protons:
0.15 ppm (s, ViMeSiO), 0.08 ppm (s, Me2SiO). Glass transition tem-
perature Tg = −129 ◦C (DSC).
Synthesis of poly(vinylmethylsiloxane-grad-dimethylsiloxane).
Gradient copolymer of vinylmethylhexatrisiloxane (V3) with
hexamethylcyclotrisiloxane (D3) was synthesized in THF using
n-BuLi as the initiator according to previously described procedure
[16].
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Four-armed star polymethylvinyl-co-dimethylsiloxane (1c) was
repared by termination of the living poly(vinylmethylsiloxane-
rad-dimethylsiloxane) having reactive lithium silanolate
hain ends with 1,2-bis(dichloromethylsilyl)ethane,
l2MeSiCH2CH2SiMeCl2, as described in [16]. NMR spectra
ere analogous to those reported in [16], [V]/[D] = 1.38:1 (1H
MR). Mn = 14,300, Mw/Mn = 1.8 (SEC) and 21,500 (1H NMR);

heoretically expected Mn = 20,000. Glass transition temperature
g = −132 ◦C (DSC). The content of vinyl groups in the polymer was
.1 mmol/g.

Hyperbranched polymethylvinyl-co-dimethylsiloxane (1d).
yperbranched polysiloxane was prepared in two step

eaction. In the first step a linear poly(vinylmethylsiloxane-
rad-dimethylsiloxane) was prepared as described above,
V3]/[D3] = 1:1, theoretical Mn = 4000. The living polymer was ter-

inated by adding bifunctional dichloromethylsilane, MeHSiCl2,
iving polysiloxane copolymer containing SiH function in the
iddle of each chain. Mn = 10,500, Mw/Mn = 1.4 (SEC) and 8600

1H NMR); theoretically expected Mn = 8000. This copolymer after
urification by precipitation from CH2Cl2 with methanol was
issolved in toluene and subjected to self-hydrosilylation by addi-
ion of the Karstedt catalyst, 2.3 �l (5 × 10−5 mol Pt per mol SiH).
ydrosilylation was carried out for 7 days at 50 ◦C. Reaction
rogress was followed by IR and 1H NMR, by measuring the
onversion of Si–H groups and the reaction was stopped as soon
s the absorptions characteristic for SiH disappeared completely.
olymer was purified by precipitation with methanol from CH2Cl2
olution. Mn = 59,000, Mw/Mn = 4.4 (SEC). The V/D ratio was 0.54:1
1H NMR) which corresponded to the content of vinyl groups in
he polymer of 4.5 mmol/g. Tg = −129 ◦C (DSC). 29Si NMR 21.8 (s,

e2Si), 24.8 (s, MeSiCH2CH2–), 34.9 (s, MeViSi).
Preparation of poly(2-(butylthio)ethyl)methylsiloxane (2). The

ddition of n-butanethiol to polylvinylmethysiloxane 1a in the
resence of AIBN as free-radical initiator was carried out according
o the procedure described previously [12,21]. Polyvinylmethyl-
iloxane, 3.45 g, containing 0.040 mol of vinyl groups was mixed
ith 0.2 mmol of AIBN in toluene. The solution was warmed to

0 ◦C and n-BuSH (0.049 mol) was added dropwise. The result-
ng poly(butylthioethyl)methylsiloxane 2 was purified by twofold
recipitation with methanol from toluene and dried by heat-

ng under high vacuum for several hours. The resulting polymer
ad a consistence of a white rubbery resin. Conversion of vinyl
roups was almost quantitative, as no vinylsilyl group signals were
bserved neither in 1H nor 29Si NMR spectra of the modified
olymer. Molecular weight: Mn = 23,500, Mw/Mn = 1.7, according
o SEC analysis and Mn = 43,000 according to 1H NMR spectrum
estimated from the end Me3Si group to chain MeSi group 1H
ignal ratio). Theoretically expected Mn = 44,000. The content of
he thioether groups in the polymer was 5.8 mmol/g. Glass tran-
ition temperature (DSC) was Tg = −94.8 ◦C. 1H NMR ı (ppm):
.49 (m, SCH2), 1.53 (m, SCH2CH2CH2), 1.39 (m, SCH2CH2CH2),

29
.89 (m, S(CH2)3CH3), 0.11 (s, Si(CH3)3); Si NMR (INVGATE) �
ppm): −23.74 (s, OMe(R)SiO), −21.38, −21.62 (2s, Me3SiO); 13C
MR ı (ppm): 31.66 (s, SCH2), 26.38, (s, SCH2CH2CH2), 22.09 (s,
CH2CH2CH2), 18.33 (s, SiCH2CH2S), 13.76 (s, S(CH2)3CH3), −0.07
s, Si(CH3)3).

Scheme 1
lysis A: Chemical 319 (2010) 30–38

Preparation of poly(2-(diphenylphosphino)ethyl)methylsiloxane
(3). The addition of diphenylphosphine to polylvinylmethysiloxane
was carried out according to the procedure described previously
[22]. Ph2PH (0.029 mol) was added dropwise to polyvinylmethyl-
siloxane 1a, 2.51 g (0.029 mol of vinyl groups), containing 0.2 mmol
of AIBN and the reaction mixture was heated to 120 ◦C for 5 days.
The resulting poly(diphenylphosphinoethyl)methylsiloxane 3 was
purified by twofold precipitation with methanol from toluene and
dried by heating under high vacuum for several hours. The resulting
polymer had a consistence of a colorless rubbery resin. Conversion
of vinyl groups was ca. 70%, according to 1H and 29Si NMR spectra.
Molecular weight measured by SEC was Mn = 10,500, Mw/Mn = 1.7.
Theoretically expected Mn = 54,000 (assuming 70% conversion of
functional groups) and this value was used for stoichiometric cal-
culations. The content of phosphinoethyl groups in the polymer
was 3.2 mmol/g. Glass transition temperature was Tg = −12.8 ◦C,
melting temperature Tm = 16.6 ◦C (DSC). The 1H, 31P and 29Si NMR
spectra were in accord with those reported earlier [22]. In the 31P
NMR spectrum, beside the main Ph2P(CH2)2Si signal (−9.1 ppm),
also the signal of the oxidated form, Ph2P(O)(CH2)2Si (34.3 ppm,
3.5%) appears.

Immobilization of palladium. The solution of polysiloxane
and palladium complex, PdCl2(PhCN)2, ca. 0.1 mol/mol rela-
tive to the content of the functional groups in polymer, in
toluene was stirred for 5 days at room temperature. The solu-
tion color faded from deep brown to pale yellow. The obtained
palladium complexes with polysiloxanes were separated from
solution by precipitation with methanol and then dried under
vacuum. The complexes were brown, brittle solids hardly sol-
uble in typical organic solvents at room temperature, except
for the complexes with poly(butylthioethyl)methylsiloxane and
poly(diphenylphosphinoethyl)methylsiloxane which were viscous
syrups, soluble in toluene. Polysiloxane–PdCl2 complexes were
characterized by 29Si NMR spectroscopy, DSC, AAS, XRF and XPS.
Linear polyvinylmethylsiloxane–PdCl2: 29Si NMR (CP MAS) ı
(ppm): −29.4 (bs, free MeViSiO), −56.8 (bs, MeViSiO–PdCl2), −64.8
(bs, (MeViSiO)2–PdCl2); star polyvinylmethylsiloxane–PdCl2:
−21.5(s, Me2SiO free), −30.4 (s, free MeViSiO), −34.4
(s, free MeViSiO), −56.9 (s, MeViSiO–PdCl2), −66.5 (bs,
(MeViSiO)2–PdCl2); poly(butylthioethyl)methylsiloxane: 29Si
NMR: −23.7 (bm, BuS(CH2)2MeSiO–PdCl2), −21.4, −21.7 (2
bs, free BuS(CH2)2MeSiO–); 13C NMR (CDCl3) ı (ppm): 31.6
(s, SCH2), 26.3 (s, SCH2CH2CH2), 22.0, (s, SCH2CH2CH2), 18.2
(bm, SiCH2CH2S), 13.7 (s, S(CH2)3CH3), 0.12 (bm, Si(CH3)3);
poly(diphenylphosphinoethyl)methylsiloxane: 31P NMR � (ppm):
−9.5 (bs, free Ph2PCH2–), 21.4 (bs, Ph2P(CH2–)–PdCl2), 23.1 (bs,
[Ph2P(CH2–)]2–PdCl2), 34.0, 35.5 (bs, Ph2P(O)CH2–); 29Si NMR:
22.7 (bs, Ph2P(–PdCl2)CH2CH2SiO), 34 (bs, ViMeSiO).

2.4. Kinetic studies
Iodobenzene (0.28 ml, 2.5 mmol), methyl acrylate (0.23 ml,
2.5 mmol)/butyl acrylate (0.36 ml, 2.5 mmol)/acrylonitrile (0.16 ml,
2.5 mmol) and triethylamine (0.32 ml, 2.5 mmol) were mixed with
1 ml of N-methylpyrrolidone (NMP). The liquid mixture was placed
in a 15 ml autoclave and then ca. 0.05 g of polysiloxane–PdCl2 com-

.
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supported catalysts was checked by comparing the activity of the
catalyst immobilized on 1a with that of the catalyst immobilized on
the polysiloxane having the vinyl group at each third silicon atom
Scheme 2.

lex containing ca. 0.03 mmol Pd was added. The reaction mixture
as heated to 80 ◦C while vigorously agitating with a magnetic stir-

er. The reaction was monitored at certain time intervals by gas
hromatography using toluene as the internal standard. Conversion
as determined based on the amount of iodobenzene consumed.
fter 2 h the reaction mixture was cooled down and the catalyst
as precipitated by addition of methanol, filtrated and rinsed with
ethanol. The remainder was dried at 90 ◦C under vacuum for 3 h

efore reuse.
The kinetic studies of the reaction of bromobenzene with

tyrene were performed analogously, using 0.26 ml (2.5 mmol) of
hBr and 0.29 ml (2.5 mmol) of styrene. The amounts of NMP,
t3N and catalyst were the same as in the reaction of iodoben-

ene with methyl acrylate. The reaction was carried out for 3
at 120 ◦C.

Scheme
lysis A: Chemical 319 (2010) 30–38 33

3. Results and discussion

3.1. Polymer synthesis

The well known equilibration method of the mixture of
methylvinylcyclosiloxanes and hexamethyldisiloxane as the chain
regulator in the presence of a solid acid catalyst [18], linear
polyvinylmethylsiloxane Me3SiO(MeViSiO)nSiMe3 was prepared,
which has been used as the catalyst support by itself or has
been further modified in the reaction with n-butyl mercaptan
(1-butanethiol) [21] or diphenylphosphine [22] in the presence
of AIBN as the free-radical initiator (Scheme 1). The addition of
thiol proceeds practically quantitatively; no vinyl groups remain
in the product according to NMR spectroscopy. Modification by
diphenylphosphine proceeds in a 70% yield (NMR). Molecular
weight for this polymer measured by SEC was unfortunately
unreliable due to the difference in hydrodynamic volume of this
copolymer compared to polystyrenes used as standards. It was also
not possible to estimate the Mn from 1H NMR, because the end
group signals were invisible. Thus, the theoretical Mn of 54,000 was
assumed in stoichiometric calculations.

An influence of the density of ligands on the activity of the
in the chain. Such a regular vinylmethylsiloxane–dimethylsiloxane
copolymer was synthesized by controlled anionic ring-opening

3.
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Scheme 4.

olymerization of vinylpentamethylcyclotrisiloxane (D2V) at
10 ◦C (Scheme 2). Since the silicon substituted by the vinyl group

s more electrophilic the nucleophilic attack of the silanolate anion
s preferentially directed to this silicon in the ring. Polymerization
t this temperature proceeds with high regioselectivity up to 80%
s confirmed by 29Si NMR [20].

Star-shaped and hyperbranched polysiloxanes 1c and 1d were
sed in comparison to 1a in order to examine the influence
f polymer architecture (linear vs. highly branched) on the
ctivity of the supported catalysts. They were synthesized in a
ultistep reaction. In the first step, linear copolymers of gra-

ient composition of vinyl units along the chain were obtained
y simultaneous copolymerization of hexamethylcyclotrisilox-
ne with 1,3,5-trimethyl-1,3,5-trivinylcyclotrisiloxane initiated by
uLi (Scheme 3, route 1) [16]. Due to much different reactivities
f both monomers the obtained copolymers had high density of
inyl groups at the beginning of each chain and a high density
f dimethyl units close to the active silanolate chain end, which,
pon termination, resulted in copolymers which had high con-
ent of ligand groups in the outer part of the macromolecule. The
btained polymers with a living chain ends were terminated by
,2-bis(dichloromethylsilyl)ethane to give four-arm star copoly-
er or with methyldichlorosilane to give a linear polymer with

n SiH function in the middle of each chain (Scheme 3, routes 2 and
). The latter polymer was then a subject of self-hydrosilylation by
ddition of the Karstedt catalyst, Pt2{[(CH2 = CH)Me2Si]2O}3, giv-
ng hyperbranched polymer of irregular structure (Scheme 3, route
).

Polysiloxanes were characterized by 1H and 29Si NMR spec-
roscopy (phosphino-functionalized polysiloxane also by 31P
MR), size-exclusion chromatography (SEC) and digital scanning
alorimetry (DSC). NMR spectra of functional polysiloxanes corre-
pond well to those published previously [16,19,21,22].

.2. Immobilization of palladium

The resulting polysiloxanes were used for immobilization of
alladium(II) chloride by linking to vinyl, thioether or phosphinyl

ide groups (Scheme 4). In most cases, the [Pd]/[L] ratio was about
.1 mol/mol. Assuming that the complex involves two ligands coor-
inated to one Pd atom, 80% of the total amount of functional groups
hould remain unbound.

able 1
alladium content in the polysiloxane–PdCl2 complexes according to AAS and XRF in wei

Polymera Funct. groups [mmol/g] Pd [mmol/g] Pd theor. AA

Linear PMVS (1a) 11.5 0.785 8.36 8
Linear PMVS (1a) 11.5 3.73 39.67 29
Regular PMVS (1b) 3.6 1.504 16.00 14
4-Arm star PMVS (1c) 7.1 0.627 6.67 3
Hyperbranched PMVS (1d) 4.5 0.537 5.71 1
Linear PMESBuS (2) 5.8 0.563 6.00 3
Linear PMEPPh2S (3) 3.2 0.705 7.50 11

a M – methyl, E – ethyl, V – vinyl.
b n means the maximum number of cycles performed for each catalyst; see Table 3.
lysis A: Chemical 319 (2010) 30–38

In the case of polysiloxanes with thio- and phosphino-based lig-
ands complete discoloration of the solution was observed after a
few minutes. In the case of vinyl polysiloxanes solutions were yel-
low even after 5 days indicating that some amount of PdCl2(PhCN)2
remained in equilibrium with a polymer complex. In all cases the
theoretical content of Pd was calculated assuming quantitative
immobilization of palladium. The metal content was measured by
atomic absorption spectroscopy (AAS) and by X-ray photoelectron
spectroscopy (XPS). Unfortunately, the AAS measurements proved
quite inaccurate when the Pd content was below 10 wt% and might
serve as a rough estimation of the metal content only. The results
of analysis are collected in Table 1.

For linear PMVS we have measured the maximum catalyst
capacity. The maximum Pd content measured by XRF was 28.8 wt%
which corresponds to the [Pd]/[Vi] ratio of 0.416 mol/mol. This
amount of palladium binds 83% of vinyl groups assuming the
L2PdCl2 stoichiometry of the complex. Thus, less than 20% of vinyl
groups remain unbound, probably for steric reasons.

Vinyl polysiloxane-supported Pd complexes (1a-d)-Pd were
characterized by solid state CP MAS 29Si NMR spectroscopy,
digital scanning calorimetry (DSC) and X-ray photoelectron
spectroscopy (XPS). Due to poor solubility in typical solvents
at room temperature, size-exclusion chromatography (SEC) of
these complexes was impossible. On the other hand, the com-
plexes of palladium with thioether- and phosphino-substituted
polysiloxanes (2-Pd and 3-Pd, respectively) were sufficiently
soluble to perform the NMR measurements in solution and
SEC analysis. Unfortunately, SEC analysis of butylthioethyl- and
diphenylphosphinoethylpolysiloxane–PdCl2 complexes gave
molecular weights of 10,000 and 23,000, respectively, which were
unrealistically low compared to theoretical values. Taking into
account that polysiloxanes do not depolymerize upon free-radical
induced hydrosulfination and hydrophosphination [21,22] we may
conclude that SEC is not a reliable method for analysis of these
polymeric complexes, due to difference in hydrodynamic volume
between siloxane copolymers and polystyrene standards which
were used as the reference. On the other hand, the molecular
weights estimated from 1H NMR spectra (as the ratio of the signal
intensity of the terminal Me3Si groups to that of the MeSi groups
inside the chain) agree quite well with the theoretical values.
The general change in the NMR spectra upon immobilization of
palladium is a significant line broadening, which is related to
the change in the mobility of polymer chain segments and in
the relaxation times due to metal binding. 29Si chemical shifts of
silicons having vinyl groups bound to metal are strongly shifted
to higher field, i.e., −56 and −64 ppm, compared to −34 ppm
for the free ViMeSi signals. Two signals correspond probably to
different structures of palladium complexes (structures I and II,
respectively) [23,24]. Analogously, two signals are observed in 31P

NMR of the phosphinoethylsiloxane–PdCl2 complex at 21.4 and
23.3 ppm as it was found before for the other polymer-supported
palladium–phosphine complexes [25]. Chemical shifts of the
signals of Si substituted by thioethyl and phosphinoethyl groups

ght %.

S (fresh) AAS (after reaction) XRF (fresh) XRF (after n reaction cycles)b

.68 6.06 10.07 (±0.2) 5.48 (±0.11)

.99 n/a 28.8 (±0.6) n/a

.69 11.14 n/a n/a

.9 n/a n/a n/a

.13 1.61 6.27 (±0.13) 4.76 (±0.12)

.5 3.6 5.89 (±0.12) 2.42 (±0.06)

.42 n/a 10.01 (±0.2) 1.40 (±0.035)
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change insignificantly upon complexation.

DSC analysis indicates the increase in glass transition tem-
perature of siloxane copolymers upon Pd immobilization by ca.
10–90 ◦C, depending on the Pd content, which reflects a partial loss
of the conformational freedom of polysiloxane segments due to
complexation with palladium.

In order to examine the thermal stability of polysiloxanes
in the presence of palladium, we have performed ther-
mogravimetric analyses (TGA) of the three representative
linear polysiloxanes complexed with PdCl2: linear poly-
methylvinylsiloxane, polymethyl(butylthioethyl)siloxane and
polymethyl(diphenylphosphinoethyl)siloxane. In all cases the
presence of palladium deteriorates the stability of polysiloxanes
to some extent. Slight decomposition starts at about 150 ◦C but
up to 300 ◦C the samples revealed a weight loss of only ca. 8%.
A most serious weight loss occurs at ca. 390 ◦C, while the corre-
sponding unmodified polysiloxanes decompose at a temperature
of 400–500 ◦C. Interestingly, the most unstable system is the
thioethylpolysiloxane–PdCl2 complex, which decomposes at
390 ◦C losing 70% of its initial weight. Nevertheless, all catalysts
may be considered perfectly stable up to temperature of 150 ◦C,
below which many reactions are carried out.

XPS spectra of the freshly prepared vinyl-(1a-Pd and 1d-
Pd) butylthioethyl-(2-Pd) and diphenylphosphinoethyl-(3-Pd)
polysiloxane–PdCl2 complexes show that palladium appears dom-
inantly in the form of Pd(II) (binding energies from 337.03 eV in
1a-Pd to 337.98 eV in 3-Pd for Pd3d5/2). The observed positions of
the Pd3d5/2 peaks are close to that found for Pd(II) reported by other
authors (BE = 337.5 eV) [26–29]. Some minor fractions of Pd(0) are
observed in 1d-Pd and 3-Pd. Such complexes are easily formed
in the presence of phosphine ligands [29]. Their formation in the
case of hyperbranched polysiloxane with vinyl groups is rather
surprising. This may point to partial oxidation of Pd-nanoparticles
specifically trapped in the complex structure of the hyperbranched
polymer to PdO (BE = 336.3 eV [30]). In 1a-Pd and 3-Pd minor frac-
tions of Pdı+ nanoclusters are also observed. It has been shown
that polysiloxane chains might stabilize such catalytically active
Pd-nanoparticles [31]. Binding energies observed for Cl, S, P and
Si are in accord with earlier data and support the identification
(Table 2) [30]. The deficiency of Pd and Cl at the surface compared
to the theoretical atomic content in the polysiloxane–Pd complexes
may be explained by the known tendency of flexible polysiloxane
chains to migrate to the interface, due to their low surface tension.
Thus, the polar L–Pd–Cl groupings in the solid state may be mostly
hidden in the bulk. This is different from the situation in solution,
where dynamic equilibrium leads to averaging of the conforma-
tional states.

3.3. Catalytic study

The activity and stability of the supported catalysts were tested
in model Mizoroki–Heck reaction of methyl acrylate with iodoben-
zene in N-methylpyrrolidone (NMP) in the presence of Et3N
(Scheme 5). This catalyst system seems rather insensitive to oxy-
gen and moisture. Kinetics of the reaction was followed by GC,

by withdrawing samples at certain time intervals. Thioalkyl- and
phosphinyl-polysiloxane-supported palladium catalysts showed
good solubility in the reaction mixture. The evaluated NMP sol-
ubility limit of 2-Pd and 3-Pd were about 4 g/l at 40 ◦C and
30 g/l at 25 ◦C, respectively. The solubility of catalyst supported on
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olysiloxanes with pendant vinyl groups in the reaction medium
as generally worse than that of the other catalysts. At room

emperature we have observed swelling of the catalyst. At higher
emperature the solubility should increase or the catalyst may act
s a suspension of gel particles, penetrated by solvent and reagents.
fter the reaction, the catalyst was separated from the reaction
ixture by precipitation with methanol at room temperature. The

atalyst was then washed with methanol, dried and reused. Some
oss of the catalyst was observed during the separation proce-
ure, depending on solubility of the particular catalytic system.
herefore, the kinetic runs were repeated until the catalyst was
ompletely lost. The activity of the polysiloxane–PdCl2 catalysts
as compared to the homogeneous PdCl2(PhCN)2 complex by mea-

uring maximum conversion of iodobenzene and the rate of the
eaction (time when the maximum conversion is reached). Methyl
rans-cinnamate was the only product observed in GC, indicating
early 100% selectivity of the reaction. No polymerization of acry-

ate takes place as no polymer was detected by SEC analysis of the
eaction products.

The activity of polysiloxane–PdCl2 complexes in terms of max-
mum conversion of substrates is comparable to that of the
omogeneous PdCl2(PhCN)2 complex (Table 3). The low molecular
omplex is more active than polymer-supported ones giving a max-
mum conversion of iodobenzene after ca. 10 min (Figs. 1 and 2). In
he case of polymer-supported catalysts, maximum conversion in
he first cycle was reached after 20 min and the reaction slowed
own after each cycle of reaction. For example, in the 5th kinetic
un the time needed to achieve maximum conversion of iodoben-
ene using butylthioethylpolysiloxane-supported catalyst was ca.
0 min. This points to partial deactivation of the catalyst due to
d leaching and possibly to some changes in the structure of the

omplex [32,33]. XRF data confirmed that the Pd content in the
omplexes drops down after a few reaction cycles (Table 1). The
RF analysis of the reaction solution after separation of the cata-

yst shows the trace of palladium, also proving that some leaching
ccurs during the reaction.

able 3
onversion of iodobenzene after 1 h in all catalytic runs and turnover frequency (TOF, mo

Cycle conversion [%]

1a-Pda 1b-Pda 1c-Pda 1

1 (TOF) 99 (32) 87 (15) 84 (34) 8
2 93 84 79
3 92 74 85
4 82 85 81
5 95 70 81
6 93 86 68
7 89 76 53
8 91 70
9 94
10 79
11 85

a Conversion after 2 h.
Fig. 1. Kinetics of the reaction of iodobenzene with methyl acrylate catalyzed by
poly(butylthioethyl)methylsiloxane–PdCl2 complex (5 reaction cycles); kinetics of
the reaction catalyzed by PdCl2(PhCN)2 is shown for reference.

Precipitation of the polymer-attached catalyst with methanol
may be applied to recover the catalyst from the reaction mixture,
and the catalyst can be reused in subsequent catalytic runs. How-
ever, the precipitation was not quantitative and some catalyst was
lost after each run. The loss of the catalyst is the reason why only five
cycles were performed with thioether and phosphino polysiloxane
complexes.

To rule out the possibility of catalysis by microparticles (colloids
or nanoclusters) of zero-valent palladium formed from leached

and reduced Pd(II) precursor, a mercury poisoning experiment
was carried out by adding mercury to the reaction mixture before
the catalytic test. The mercury poisoning of metal(0) particles, by
amalgamating the metal or adsorbing on the metal surface, is a
widely used test for the heterogeneity/homogeneity of catalysis

l product/mol of Pd/h) in the reaction with methyl acrylate.

d-Pd 2-Pd 3-Pd PdCl2 (PhCN)2

5 (79) 88 (156) 86 (122) 86 (213)
85 89 90
40 84 87
29 89 83
14 86 80
14
10

8
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Table 4
Conversion of iodobenzene after 5 h (in %) and turnover frequency (TOF, mol prod-
uct/mol of Pd/h) in the reactions with butyl acrylate and acrylonitrile.

Cycle Conversion [%]

1a-Pd 2-Pd 3-Pd PdCl2(PhCN)2

Butyl acrylate 1 86 98 100 95
(TOF) (94) (47) (129) (157)
6 82 96 95

Acrylonitrile 1 99 (19.5/80.5)a 88 (18.8/81.2)a

(TOF) (65) (120)
6 93 (19.4/80.6)a

a Values in parentheses indicate the Z/E isomer ratio (%).
ig. 2. Kinetics of the reaction of iodobenzene with methyl acrylate catalyzed by
oly(diphenylphosphinoethyl)methylsiloxane–PdCl2 complex (5 reaction cycles);
inetics of the reaction catalyzed by PdCl2(PhCN)2 is shown for reference.

34]. It is known that trace amounts of leached metal particles or
oluble palladium complex can be very catalytically active [35].
olysiloxane-supported palladium catalyst vigorously stirred with
arge excess of mercury for 24 h prior reaction, shows almost the
ame catalytic activity for Mizoroki–Heck reaction as before poi-
oning. As additional evidence for the identity of the true catalyst,
ercury poisoning test for reaction catalyzed by homogeneous

recatalyst complex, PdCl2(PhCN)2, was performed. In this case,
ddition of Hg(0) to the homogeneous reaction solution completely
uppressed the catalytic activity, indicating that molecular species
etached from support is not the catalytically active site. Thus, poi-
oning results suggest that catalysis is not associated with leached
recursor complexes or in situ formed palladium nanoclusters but
ather with polysiloxane immobilized Pd(II) species.

Comparison of the activities of palladium supported on vinyl
olysiloxanes leads to conclusion that the most active and stable
atalyst is Pd supported on linear polymethylvinylsiloxane having
inyl groups at each siloxane unit in the chain (1a-Pd). The regular
olymethylvinyl-co-dimethylsiloxane having a vinyl group at each
hird silicon atom in the chain (1b-Pd) is much less stable and its
ctivity decreases significantly with the increasing number of reac-
ion cycles. Probably, low density of ligands causes weaker binding
f the metal and its more extensive leaching. On the other hand,
ranched polysiloxanes 1c-Pd and 1d-Pd are also less effective
atalysts and their activity decreases with the increasing number
f repeating cycles. Deactivation is particularly noticeable for the
yperbranched polymer, 1d-Pd. The reason for lower activity of
he catalysts supported on highly branched polymers may be sim-
lar to that reported for dendrimer-supported catalysts [36]. A part
f PdCl2 is immobilized on ligands located in the inner part of the
acromolecule where the steric congestion makes the access of

eagents more difficult. Moreover, part of the catalyst may be com-
lexed by the ligands from two different branches which probably
akes the metal unavailable to reagents. While the content of metal

ocated in the outer part of molecule is leached out, the complex
ooses its activity rapidly. This may explain why, despite of the fact
hat the palladium content in the hyperbranched polymer 1d-Pd is
till high after 8 cycles, the catalytic activity of the complex is low.

To confirm that vinyl groups of polysiloxanes 1a-d did not

ndergo reduction under the reaction conditions the IR spec-
ra of catalysts before and after five reaction cycles were taken.
he vinyl absorption peaks (1405–1420 cm−1, 1590–1620 cm−1,
950–3050 cm−1) at IR spectra (not presented here) of catalysts
fter reaction remained practically unchanged compared to the
Scheme 6.

spectrum of the fresh catalyst. This proved that pendant vinyl
groups of polysiloxane supports are stable after prolonged use of
the catalysts.

Catalysts having thioether and phosphine ligands show
high activity, which is maintained through five repeating runs
(Figs. 1 and 2). However, due to high solubility the separation proce-
dure was not effective and after 5 cycles all the catalyst was lost. In
terms of the turnover frequency (TOF) per 1 h, measured for the first
reaction cycle, catalysts immobilized on thioether and phosphine
ligands, 2-Pd and 3-Pd show the highest activity. The TOF values for
the catalysts immobilized on vinyl groups are considerably smaller.

Some of the catalysts were additionally tested in the
Mizoroki–Heck arylation of butyl acrylate and acrylonitrile with
iodobenzene. As shown in Table 4, the activity of 1a-Pd, 2-Pd, 3-Pd
catalysts in terms of maximum conversion of substrate and of TOF
is also comparable, or even better, to that of the homogeneous Pd
complex precatalyst. Interestingly, in the reaction of acrylonitrile,
the ratio of (E) to (Z) isomers of cinnamonitrile formed over sup-
ported Pd catalysts was almost the same as for the homogeneous
counterpart. Further, for all tested catalysts formation of byproduct
1-cyano-2,2-diphenylethene was not observed.

Since iodobenzene is known to be very reactive in
Mizoroki–Heck coupling reactions, we have also examined
the activity of polysiloxane–PdCl2 complexes in the reaction of
less reactive bromobenzene with styrene (Scheme 6). In this case
the activity of the catalysts was rather poor. After 3 h at 120 ◦C
conversion of bromobenzene was 4%, 3% and 32% for 1a-Pd, 2-Pd
and 3-Pd, respectively. Thus, only the phosphino-substituted cata-
lyst 3-Pd showed the activity comparable to that of PdCl2(PhCN)2
(26% conversion after 3 h).

4. Conclusions

Soluble polysiloxanes with pendant vinyl, butylthioethyl and
diphenylphosphinoethyl groups have been used as supports for
palladium(II) (PdCl2) catalyst. Vinyl-containing polysiloxanes have
different macromolecular topologies to examine the effect of
macromolecular structure on the stability and activity of the sup-
ported catalysts. Catalytic activity of such immobilized palladium
complexes was tested in the model Mizoroki–Heck arylations

of methyl acrylate, butyl acrylate, and acrylonitrile by iodoben-
zene and of styrene by bromobenzene. The activity of the
polysiloxane–Pd catalysts was comparable to that of PdCl2(PhCN)2
and maintained through 5–10 reaction cycles. Comparison of
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atalysts supported on polysiloxanes of different structures and
ifferent ligand densities in the polymer chain shows that (i) poly-
ers with higher density of ligands bind metal more effectively;

ii) catalysts immobilized on linear polymers are more stable than
hose immobilized on branched structures. Particularly interest-
ng seem the polysiloxanes with pendant thioether and phosphino
igands. However, they are very well soluble in organic solvents,

hich causes some loss of the catalyst during the separation pro-
edure. All polysiloxane-supported catalysts show a considerable
alladium leaching from the support as shown by XRF. Mercury
oisoning test showed that polysiloxane–palladium complexes are
rue active catalysts of the reaction.
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