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a b s t r a c t

New polymeric materials containing functional sites analogous to ionic liquids have been synthesized.
Those materials are a supported reservoir for the active Pd species. Their catalytic activity has been eval-
uated for the Heck reaction proving an excellent performance in terms of both activity and recyclability.
Although soluble Pd species seem to participate in the catalytic cycle, as for many other supported Pd-
systems, the g-SILLPs present the ability to efficiently release and recapture those soluble species. This
allows to dramatically reduce or eliminate the amount of Pd leached to the final solution, in particular
at higher temperatures, and opens the way, based on a release and catch strategy, for the development
of active-supported Pd catalytic systems, easily recoverable and reusable for a large number of catalytic
cycles. The exact nature of the polymer (SILLPs) has a remarkable influence on the overall process. The
appropriate design of the g-SILLPs is a key factor for the optimization of the release and catch system.
The functionalized polymers prepared can be reused for a significant number of catalytic cycles without
any loss in performance.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

The palladium-catalyzed C–C forming reactions are of great
interest in synthetic organic chemistry, and the Heck coupling of
aryl halides with terminal olefins is one of the most important
reactions [1]. Different strategies have been evaluated to develop
efficient catalytic systems for this reaction: (i) development of
highly active homogeneous catalyst at parts per million concentra-
tions based on palladium complexes [2], ‘‘ligand-free” Pd catalyst
[3] or stabilized Pd clusters [4]. (ii) immobilization of palladium
onto the adequate support [5].

A current challenge in this area is the development of efficient
immobilized systems that could simultaneously fulfill the usual
targets of achieving high TON values and facilitate recovering
and reuse as well as the need for obtaining Pd-free final products
[6,7], meeting the strict purity specifications for the pharmaceuti-
cal industry [8].

In this regard, different types of heterogeneous precatalysts
have been prepared with the goal of achieving catalyst recovery
and recycling [5,8a,9]. However, despite the numerous reports
claiming palladium heterogeneous catalysis for Heck reactions,
ll rights reserved.
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there are only a few examples for which this has been demon-
strated [10]. In most cases, experiments to distinguish homoge-
neous from heterogeneous catalytic species reveal that leached,
soluble palladium species are the true catalytic species and not
the supported particles [11,12].

The current paradigm for the development of polymer-
supported catalysts establishes that the support must be both elec-
tronically and sterically ‘‘inert” towards the reaction and/or the
catalyst [13]. However, designing the support to play an active role
in the catalytic reaction, as the environment in which processes
take place, might lead to improvements in the catalytic perfor-
mance or even to change the course of the catalytic reaction [14].

The modification of the functional support with the introduc-
tion, besides the catalytic center, of appropriate modifiers, can pro-
duce different positive effects: (1) assisting to the activation of the
catalyst, (2) generating novel catalytic species, (3) improving the
stability of the catalyst, (4) optimizing immobilization and recycla-
bility, (5) facilitating product isolation, and (6) influencing the
selectivity of the reaction. Thus, one important concept to be ex-
plored is to promote reactions in restricted spaces on functional
or multifunctional polymers [15], where the support is able to
stabilize catalytic species, to define the mass transport of sub-
strates and products in and out of the catalytic site, to immobilize
reactants, and to play an active role in overall the reaction mecha-
nism, leading to more efficient catalytic processes. Additionally,
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the supported catalysts will present the general advantages of the
solid materials, as are the easy separation and recyclability as well
as their potential use for the development of continuous processes
[16].

In this context, we and others have recently synthesized and
characterized a series of supported ionic liquid-like phases (SILLPs)
by covalent anchoring of functional moieties with IL-like structure
onto polystyrene-divinyl benzene (PS-DVB) solid supports [17–19].
The use of ionic liquid-like functionalities as modifiers in sup-
ported systems is highly interesting, since, ideally, they will tune
the nature of the material, transferring the ILs properties at molec-
ular and nanoscale level [20]. This approach allows obtaining
tailored structured materials able to present most characteristics
and properties of ILs as molecular solvents, playing an active role
in the immobilization and stabilization of different catalytic moie-
ties [17–20].

Here we report on the detailed study of a catalytic system, in
which palladium is immobilized onto gel-supported ionic liquid-like
phases (g-SILLPs) based on gel-type PS-DVB resins. The catalytic
behavior of the corresponding supported Pd species has been
investigated for the Heck coupling reaction. Palladium is initially
supported onto the g-SILLPs as Pd–NHC complexes [21]. The micro-
environment of the palladium complexes allows a controlled re-
lease, under the reaction conditions employed, of the active
species to the homogeneous phase. Besides, the presence of addi-
tional IL-like moieties contributes to stabilize and recapture the
palladium species released to the solution, being the catalyst easily
recoverable, reusable and with essentially no Pd leaching at the
end of the reaction under the appropriate conditions [22,23].
2. Materials and methods

2.1. General procedure for the synthesis of g-SILLPs

Merrifield resin (5 g, 2% crosslinking, 4.3 mmol/g, 21.5 mmol)
was introduced in a round-bottomed flask and suspended in
20 mL of 1-methylimidazole (243.5 mmol). The suspension was
heated at 80 �C for 3 h. Afterwards, the suspension was filtered
and the polymer was washed with MeOH, MeOH:CH2Cl2 (1:1),
and CH2Cl2 and dried in a vacuum oven.

2.2. General procedure for anion metathesis (BF�4 , SbF�6 and NTf �2 )

The polymer was suspended in MeOH, 30 equivalents of the
corresponding salt was dissolved in miliQ� water and added to
the suspension. The system was stirred for 24 h at r.t. Afterwards,
the polymer was filtered and washed (3 � 20 mL) with MeOH,
MeOH:water (1:1), MeOH, and CH2Cl2. Finally the polymer was
vacuum dried.

2.3. General procedure for anion metathesis of (TfO�)

The polymer was suspended in CH2Cl2. Afterwards, three equiv-
alents of HOTf was added and the suspension was stirred for 24 h
at r.t. The polymer was then filtered and washed (3 � 20 mL) with
MeOH, MeOH:water (1:1), MeOH, and CH2Cl2. Finally the polymer
was vacuum dried.

2.4. Synthesis of Pd-supported species (low loading: 5a–e)

The corresponding low loading g-SILLP (0.5 g, 0.46 mmol) was
introduced in a round-bottomed flask containing 30 mL of dry
THF under an inert atmosphere. Then, 2 equivalents of potassium
tert-butoxide was introduced. After 10 min of stirring at r.t., 1
equivalent of Pd(OAc)2 was added and the system was heated for
3 h at 50 �C. Afterwards, the polymer was filtered and washed with
THF, MeOH, and CH2Cl2. Finally, the polymer was dried under
vacuum.

2.5. Synthesis of Pd-supported species (high loading: 6a–e)

The corresponding high loading g-SILLP (0.5 g, 1.53 mmol) was
introduced in a round-bottomed flask containing 30 mL of dry
THF under an inert atmosphere. Then, 0.6 equivalents of potassium
tert-butoxide was introduced. After 10 min of stirring at r.t., 0.3
equivalents of Pd(OAc)2 was added and the system was heated
for 3 h at 50 �C. Afterwards, the polymer was filtered and washed
with THF, MeOH, and CH2Cl2. Finally, the polymer was dried under
vacuum.

2.6. General procedure for the heterogeneous Heck reaction

The polymer-supported catalyst (0.02 mol% respect to the aryl
halide) was introduced in a round-bottomed flask, containing a
magnetic stirrer and used as a standard batch reactor, previously
washed with nitric acid and miliQ� water and vacuum dried, and
suspended in 5 mL of DMF. Afterwards, 5 mmol of aryl halide,
7.5 mmol of alkene, 3 mmol of mesitylene (internal standard),
and 10 mmol of Et3N were added. Then the flask was introduced
in a thermostated oil bath. The reaction was followed by HPLC, tak-
ing 5 lL aliquots from the reaction and diluting them with 1 mL of
CH3CN. After completion of the reaction, the mixture was filtered
to recover the catalyst. The polymer was washed with MeOH and
CH2Cl2, vacuum dried and stored for a new run.
3. Results and discussion

The g-SILLPs, 3a and 4a were synthesized through modification
of commercially available Merrifield resins by covalent attachment
of IL-like units (Scheme 1). The resins were allowed to react with
methyl imidazole, used as solvent and reagent, at 80 �C, to give
the corresponding supported methyl imidazolium salts in quanti-
tative yields [17–19]. Two gel-type resins with different chlorine
loadings (1.1 and 4.3 meq of Cl/g) were selected in order to obtain
different ratios of Pd/IL-like moieties. The reaction progress was
followed by Raman spectroscopy and polymers 3a and 3b were
characterized by the NBP test [24,25]. The combined use of both
techniques allowed us to observe that the reaction time required
to achieve a quantitative conversion of the CH2–Cl groups is much
shorter than previously reported for related systems (30 min vs.
12–78 h) [26]. From 3a and 4a, g-SILLPs 3b–e and 4b–e, having dif-
ferent counteranions, were prepared by the metathesis reaction of
the chloride anion using the corresponding salts or acid reactants
(NaBF4, CF3SO3H, NaSbF6, and LiNTf2, respectively). The anion ex-
change was followed by FT-IR and Raman spectroscopy. The ele-
mental analyses for the different g-SILLPs allowed calculating the
loadings shown in Table 1. Those were in good agreement with a
quantitative conversion both for the transformation of the CH2Cl
groups and for anion exchange. Polymers 4a–e were also analyzed
by XPS showing the characteristic peaks corresponding to the ionic
liquid structure. The binding energies obtained were similar to
those of their homogeneous counterparts. This indicates that the
supported phases show similar properties than the related ILs.

According to this, two different families of g-SILLPs were ob-
tained. The first family (3a–e) displayed a low loading of IL-like
moieties (from 22% to 34% by weight), while the second family
(4a–e) displayed a high loading of IL-like moieties (from 66% to
85% by weight). The presence of a high loading of imidazolium sub-
units on the polymer can play two different roles. On the one hand,
it can favor the formation of pseudo pincer structures with 2:1
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Scheme 1. Synthesis of supported Pd–NHC complexes. (i) Merrifield resin, 1-methylimidazole, 90 �C. (ii) Metathesis, ZY or HY, MeOH/H2O. (iii) ButOK, Pd(OAc)2, 50 �C, 3 h.

Table 1
Functionalization of the g-SILLPs and the corresponding Pd–g-SILLPs.

Entry g-SILLPs X� Loading (mmol SILLP/g)a Mass % ILb Pd–g-SILLPs Pd loading (mmol/g)c Mass % Pd

1 3a Cl 0.93 22 5a 0.17 1.8
2 4a Cl 3.02 71 6a 0.34 3.6
3 3b BF4 0.89 25 5b 0.16 1.5
4 4b BF4 2.65 69 6b 0.28 3.0
5 3c TfO 0.84 29 5c 0.20 2.1
6 4c TfO 2.30 80 6c 0.18 1.9
7 3d NTf2 0.79 38 5d 0.17 1.8
8 4d NTf2 1.62 78 6d 0.27 2.9
9 3e SbF6 0.71 34 5e 0.18 1.9
10 4e SbF6 1.61 85 6e 0.21 2.2

a Determined by elemental analysis.
b Calculated as g-SILLP/g-polymer.
c Determined by ICP-MS

Table 2
XPS bands observed for the different Pd–g-SILLPs.

Entry Polymer Aniona Pd 3d5/2 (eV) Pd 3d3/2 (eV)

Pd(II)b Pd(0) Pd(II) Pd(0)

1 5a Cl 337.4 (100) – 343.0
2 6a Cl 338.3 (45) 335.5 (55) 343.5 340.7
3 6b BF4 337.7 (100) – 343.0 –
4 6c TfO 337.7 (52) 335.7 (48) 343.0 340.9
5 6d NTf2 338.5 (73) 336.2 (27) 343.7 341.3
6 6e SbF6 338.0 (72) 335.8 (28) 343.4 341.1

a Charges omitted for clarity.
b Relative percentages are given in parentheses.
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NHC:Pd stoichiometries. On the other hand, the polarity of the sur-
faces of the polymer, and accordingly the microenvironment of the
catalytic sites containing Pd, can be significantly modified [27]. We
have recently demonstrated, quantitatively, the change on polarity
of the microenvironment at the surfaces of g-SILLPs as compared to
the standard PS-DVB supports (from e < 5 to e P 10–20) [27]. It is
worth mentioning that those values reflect that the functional sur-
faces on the polymers containing IL-like moieties essentially main-
tain the same polarity of the bulk room temperature ILs.

The corresponding NHC palladium complexes (5 and 6) were
prepared by reaction of the different g-SILLPs with Pd(OAc)2 using
ButOK as the base to ensure deprotonation of the C2-H of the imi-
dazolium ring [26,28,29]. The same amount of palladium was used
in all the different g-SILLPs. For the g-SILLPs with low loadings
(3a–e) 1 mol of Pd(OAc)2 was added per mol of imidazolium sub-
unit. In the case of g-SILLPs 4a–e this ratio was ca. 2–3 times lower.
The Pd loading of complexes was found out by ICP-MS (see Table 1)
to be 0.17–0.34 mmol/g (ca. 1.5–3.6% by weight) for all the cata-
lysts prepared (see Table 1). Thus, the imidazolium:Pd ratio for
resins 5a–e is ca. 4–5, being 6–10 for resins 6a–e. Accordingly,
the incorporation of Pd is smaller than expected even for the for-
mation of 2:1 NHC:Pd stoichiometries. In this regard, it must be
considered that the formation of those 2:1 stoichiometries should
be accompanied by an increase in the actual crosslinking of the
polymeric chains, reducing their mobility and hampering the for-
mation of additional 2:1 complexes [13b].

The FT-IR spectra for resins 5 showed a strong reduction in
intensity for the bands characteristic of imidazolium subunits at
1160 and 620 cm�1 (C–H bands of the C2 position of the imidazo-
lium ring) and this can be ascribed to the formation of the Pd–NHC
complexes [29]. The Pd–g-SILLPs were also analyzed by XPS (Table
2). Some interesting differences were obtained. The low loading
Pd–g-SILLPs (5) showed a red-brown color, indicative of the pres-
ence of Pd(II) species corresponding to the carbene complexes. This
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was confirmed by XPS (entry 1, similar data found for the other
resins 5), where bands corresponding to Pd(II) were only detected.
However, for the high loading polymers both Pd(II) and Pd(0) spe-
cies were detected. The presence of Pd(0) is not easy to rationalize
but can be associated to the affinity to polar solvents of the higher
loading g-SILLPs. In this way, significant amounts of MeOH used
during the synthesis could be adsorbed on the polymer, leading
to a partial reduction of the Pd. This is in good agreement with
the fact that the more polar g-SILLPs (X = Cl� and X = TfO�) showed
a higher proportion of Pd(0). In the case of BF�4 , only Pd(II) was
again detected. SEM images for the high loading polymers revealed
the formation of black microparticles that were confirmed by EDX
microanalysis to be Pd(0) clusters [30].

For a proper evaluation of resins 5 and 6 as catalysts, we se-
lected the Heck reaction between iodobenzene and methylacrylate
(Scheme 2) as the benchmark reaction. The reaction and substrates
were chosen due to their high reactivity. It has been proposed that
at high temperatures the Heck reaction works through a leaching
mechanism in which soluble Pd(II) species are the molecular cata-
lysts [3,10]. The mechanism of the Suzuki reaction, however, is
controversial. Thus, both mechanisms at the NPs surface [31] and
involving homogeneous molecular Pd(II) catalysts [32] have been
suggested. Besides, phenyl boronic acids are found to act as a sta-
bilizer of the PdNPs binding strongly to the surface of the NPs dur-
ing the catalytic process, whereas iodobenzene seems not to have
any effect. The selected Heck benchmark reaction is not expected
to limit the overall process, allowing to study the efficiency of
these materials as the so-called ‘‘boomerang catalysts” [33] operat-
ing by releasing, stabilizing, and recapturing the active species in-
volved in the catalytic cycle. Our preliminary studies focused on
determining the influence of different reaction parameters such
as the base, the reaction temperature, and the catalyst loading on
the reaction rates.

Initial studies were carried out at 90 �C using DMF or DMF/H2O
mixtures as the solvent and using either NEt3 or NaOAc as the base.
Some of the results achieved are gathered in Fig. 1. For all the cases,
the coupling reaction took place with good to excellent yields
(from ca. 80% to 99%) after 3 h. Two equivalents of base were re-
quired to get a full conversion of PhI into the desired product.
When NaOAc was assayed as the base, a DMF/H2O mixture was
used as the solvent to ensure complete dissolution of the base. Un-
der such conditions, a slight decrease of the catalyst activity was
observed. Noteworthy, the addition of water to the reaction med-
ium not only led to an incomplete conversion of PhI, but also gave
a significant reduction of the reaction rate. In fact, the TOF (at 50%
conversion of PhI) for pure DMF (Et3N as the base) was 3.4 fold
higher than that for the DMF/water mixture under the same condi-
tions (50% of yield in 25 min for pure DMF vs. 85 min for the DMF/
H2O mixture). Therefore, the DMF/H2O mixture seems to be less
efficient than DMF as the reaction solvent, but this is not surprising
as the nature of the solvent is known to have a dramatic effect on
the catalytic activity for this reaction [34].

The influence of the temperature was also studied using Et3N as
the base and DMF as the solvent. Temperatures ranging from 90 to
130 �C (gradient by 10 �C) were investigated. The results obtained
for catalyst 6a are summarized in Fig. 2. As expected, a small in-
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Scheme 2. Benchmark Heck reaction.
crease in the temperature led to a significant increase in the cata-
lytic activity. It is important to note that the kinetics of the reaction
at the different temperatures studied showed a sigmoidal curve
(see Fig. 2), where the induction period was clearly reduced with
the increase in the temperature. A 48-fold increase of the TOF at
50% conversion was observed when going from 90 �C (ca. 12 h
was required to achieve a 50% yield of the desired product; ca.
194 mol trans-methyl cinnamate/mol Pd � h�1) to 130 �C
(16 min, TOF ca. 9375). In general, the reaction is slightly slower
than the one taking place through the catalysis by Pd(OAc)2 under
similar conditions [17,21a].

The sigmoidal kinetic plots observed in all the cases are consis-
tent with an autocatalytic model for Pd nanoparticles formation,
whereby the soluble nanoclusters generated ‘‘in situ” are actively
involved in the catalytic process [12a,35]. Therefore we tried to
fit our results to the two-step mechanism model of autocatalysis
proposed by Finke [35,36]. This mechanistic model has been dem-
onstrated to determinate the rate of many processes involving ini-
tial formation of catalytic metal NPs for which the rates of product
formation are much faster than the rates for soluble nanocluster
generation. Thus, according to this model, the overall reaction rate
is expected to be limited by the formation of those catalytic soluble
nanoclusters. The resulting Pd nanoparticles could act catalytically
by oxidative addition of PhI on their surface, giving place to the for-
mation of soluble anionic species that initiate the catalytic cycle
(Fig. 3) [37]. The first pseudo-elementary step is the reduction of
the precatalyst to yield Pd(0) molecular species, whereas the auto-
catalytic growth of the active soluble Pd species should be the sec-
ond step (k2). The experimental kinetic data showed a good fit to
this model, providing the pseudo-elementary rate constants k1

and k2 [35,36]. The values calculated for these constants at each
temperature tested follow Arrhenius’ law. Thus, for resin 6a, the
characteristic parameters for each constant are shown in Table 3.
In this model, the induction period is associated to k1, i.e. to the
build up of a concentration of Pd(0) molecular species high enough
to favor the autocatalytic association into nanoclusters or nanopar-
ticles, while the slope of the sigmoidal curve is associated to the
growth of the NPs.

In agreement with the former observations, an analysis of the
final solution and the polymer, after the reaction was completed
at 90 �C, revealed that at least 10% of the Pd originally present on
the resin was released to the final solution with either 5e or 6e.
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Table 3
Preexponential factor and activation energy for Pd–g-SILLP 6a calculated for constants
k1 and k2 at different temperatures accordingly with Arrhenius’ law.

Entry A EA (J/mol) � 10�4 R2

1a 7.97E+05 6.61 0.995
2b 6.00E+18 91.44 0.993

a Calculated for k1 (min�1) at 90, 100, 110, 120, and 130 �C.
b Calculated for k2 (min�1 M�1) (min�1) at 90, 100, 110, 120, and 130 �C.

Table 4
Hot filtration test for the Heck reaction in the presence of resins 5e and 6e and after
hot filtration.a

Entry Catalyst Time (min) TONd

1 5e 20 1936
2 5e 60 4500
3 HFTb 60 4800
4 6e 100 1215
5 6e 240 4900
6 HFTc 240 3915

a All reactions were carried out with methylacrylate (7.5 mmol) and iodobenzene
(5 mmol) in 5 mL DMF with 2 equivalents of Et3N at 90 �C. The HFT was performed
by filtering off the resin and monitoring the solution under identical reaction
conditions.

b Resin 5e was filtered after 20 min of reaction.
c Resin 6e was filtered after 100 min of reaction.
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Fortunately, when the reaction was carried out at 130 �C with high
loading resin 6e, no leaching was observed. Accordingly, g-SILLPs
are capable to scavenge soluble palladium species from solution,
and this scavenging seems to be quantitative at 130 �C for the high
loading resins. It has been shown that, when homogeneous precat-
alysts are used, agglomeration to form Pd black particles is favored
at the higher temperatures at the end of the reaction. Slow deposi-
tion of those particles can decrease the amount of Pd contained in
the final solution [38]. Several functional materials have been used
to favor the recovering of those Pd black particles (for instance,
Quadrapure-TU and polyvinylpyridine), but, in general, the palla-
dium adsorbed on such materials is inactive in further reaction cy-
cles without previous reactivation [10,39]. Thus, for instance,
pretreatment with iodine has been described as a methodology
for reactivation [40,3a]. On the contrary, initial experiments with
our recovered resins from the former experiments revealed that
they were still active for consecutive catalytic cycles without the
need of any additional pretreatment, as it will be discussed below.

In the light of the former results, we can consider the existence
of a ‘‘catch and release” mechanism that can be schematically sum-
marized as shown in Fig. 3.

The initial Pd–g-SILLPs prepared (5 and 6) act as precatalytic
species. Those Pd–NHC complexes give place, under the reaction
conditions, to the formation of soluble Pd species, which are
responsible for the catalytic activity [10,12]. Soluble Pd species in-
clude different molecular species in equilibrium with soluble clus-
ters or NPs, according to the general mechanism observed in
solution [43]. The agglomeration of the soluble Pd clusters/NPs
would give place to the formation of inactive Pd black particles,
but the presence of g-SILLPs provides a different outcome, as those
soluble clusters can be recaptured and stabilized to form new sup-
ported PdNPs–g-SILLPs. As we have mentioned above, the process
of agglomeration increases at high temperatures and, according
to our data, those conditions also favor the recapture by the func-
tional polymer, which predominates over the formation of Pd black
particles and seems to be also operative during the reaction
[22,23]. Those PdNPs–g-SILLP supported species are able to provide
again the active soluble species for the next run without the need
of any previous activation. Thus, the polymer bearing ionic liquid-
like units behaves as the analogous ILs in solution stabilizing the
PdNPs against the aggregation [23,41]. In this regard, three main
steps seem to be involved in our system: (1) the release to the solu-
tion of the active catalytic species from the supported Pd com-
plexes; (2) the catalytic cycle involving different soluble
molecular species; and (3) the recapture by the resin of the soluble
species in the form of stabilized Pd–g-SILLPs NPs.

The evidences gathered from the observation of leaching and
the presence of sigmoidal kinetics support the release mechanism.
In order to confirm the nature of the active catalytic species in-
volved, we decided to study in more detail the reaction at 90 �C.
At this temperature, higher concentrations of soluble Pd species
seem to be formed, and thus their study seems to be more accessi-
ble [10,12]. Various hot filtration tests (HFTs) were carried out at
this temperature to evaluate the activity of the soluble fraction
[42]. Table 4 gathers some results obtained from tests performed
with a 0.02% molar of the palladium catalyst, using 5e and 6e as
the catalysts with low and high loadings of ionic liquid-like moie-
ties, respectively. After reaching ca. 20–40% conversion, the resins
were filtered off and the transformation of the substrate was again
monitored to evaluate the conversion of PhI in the absence of the
solid Pd–g-SILLP. In both cases, catalytic activity was detected after
the filtration of the solid ‘‘catalyst” revealing the presence of cata-
lytic species in the solution. The reaction on the filtrate (filtration
after 20 min) using resin 5e (low loading resin) proceeded at sim-
ilar or slightly higher rates than the reaction in the presence of the
supported system, demonstrating that species in solution are
responsible for the catalytic activity. Rather interestingly, in the
case of 6e (high loading resin, filtration after 100 min), the filtrate
solution, although active, displayed a lower reaction rate than that
of the heterogeneous system, suggesting a contribution of the sup-
ported species.

On the other hand, when catalyst 6e was heated up at 90 �C in
pure DMF, in the absence of any other reactants, for 28 h, no lea-
ched palladium was observed. However, upon the addition of
Et3N a small degree of leaching to the organic phase (ca. 8% of
the palladium used) was found by ICP-MS. In a second experiment,
when PhI and Et3N were added simultaneously the amount of
palladium leached increased up to 10–16%. This suggests that the
Pd–NHC complex may initially undergo oxidative addition of aryl
iodine to form [ArPdI2]� [12d]. Indeed, ESI-MS studies under the
same conditions confirmed the presence of [PhPdI2]� anionic spe-
cies in solution. Additionally, other species such as [PdI3]� and its
dimer [Pd2I6]2� were also detected. Therefore, the mechanism in-
volves the presence of soluble anionic intermediate palladium spe-
cies that can operate via a homeopathic catalytic Pd(0)–Pd(II) cycle,
in agreement with the one recently proposed by de Vries [3,43].

The observation of catalytic activity in the recovered resins can
be used as an indirect evidence of the recapture process. A more di-
rect support, however, was obtained using soluble Pd catalysts/
precatalysts. As can be seen in Fig. 4, when using Pd(OAc)2 as a
ligand-free catalyst, under similar conditions to those used with
Pd–g-SILLPs, the Heck reaction, takes place slightly faster than
the ones observed using 5, with a quantitative transformation of
the substrate in ca. 40 min instead of ca. 60–90 min, being the rate
for the supported system highly dependent of the anion. A clear
reduction in the rate was observed for the resins with higher ionic
liquid-like loading 6. Thus in the cases of 6a–d 4–6 h was required
to achieve a complete conversion of iodobenzene. On the other
hand, a clear reduction in the rate was found when the palladium
ligand-free experiment was carried out, under the same conditions,
but in the presence of g-SILLPs 4a. Thus, the TOF at 50% of conver-
sion of PhI is reduced from ca. 5500 to ca. 4400. This indicates the
capacity of those resins to remove active Pd species from solution.
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The capacity of those resins to recapture Pd species in the form of
active-supported PdNPs–g-SILLPs was further confirmed by carry-
ing out an additional experiment that showed how, after filtering
and washing, the resulting resins (7) were active for a new run of
the Heck reaction. In this case a complete conversion was attained
after ca. 2.5 h. Additionally, SEM experiments revealed the pres-
ence of Pd(0) NPs on those resins. It is worth mentioning that
the PS-DVD polymer by itself is not able to scavenge palladium
species from the reaction mixture. When the former experiment
was repeated in the presence of PS-DVB, no appreciable effects
on the rate of the reaction were detected and the resulting polymer
at the end of the reaction did not show any catalytic activity in a
new run.

It is interesting to note that although the reaction with a homo-
geneous source of palladium is faster than when Pd–g-SILLPs are
used, the kinetic results obtained compare with great advantage
with the results obtained for the Heck reaction using ILs as solvents
[44]. This is clearly illustrated by the results summarized in Table
5. It can be seen that a quantitative conversion of iodobenzene can
be obtained at 90 �C in DMF, after 1 h, using Pd(OAc)2 and Et3N as
the base. Under the same conditions, 4.5 h is required for a quan-
titative transformation of the substrate using the same loading of
6b as the precatalyst. The reactions using ILs as solvents are signif-
icantly slower. Thus, only a 43% of conversion was obtained in
[bmim][BF4] at the same temperature after 24 h even when a 1%
molar loading of Pd(OAc)2 was used. The reaction was even slower
when an isolated Pd–NHC biscarbene complex derived from
[bmim][Br] was used as the Pd source. In this case only a 35% con-
version was observed after 24 h [44]. This large reduction in rate
Table 5
Comparison of the results obtained for the Heck reaction between iodobenzene and meth

Entry Catalyst Solvent Base

1 Pd(OAc)2
c DMF Et3Nd

2 6bc DMF Et3Nd

3e Pd(OAc)2
f [bmim][BF4] NaOAcg

4e PdNHCf [bmim][BF4] NaOAcg

a Conversion of iodobenzene.
b Selectivity to trans cinnamate.
c 0.02 mol% relative to iodobenzene.
d 2 equivalents.
e Data taken from Ref. [44].
f 1 mol% relative to iodobenzene.
g 1.1 equivalents.
has been attributed to the formation of tetrakiscarbenes of very
low catalytic activity [44,45]. Site isolation effects associated to
the immobilization of the imidazolium subunits to the polymeric
matrix [46] are, most likely, responsible for the no participation
of this deactivation pathway.

Given the above-mentioned mechanism, the microenvironment
surrounding the active sites in the polymer-supported precatalyst
can play an important role in determining the rate, yield, and selec-
tivity for product formation [14,46]. Finke’s model can be applied
as a tool to characterize in a quantitative way the effect of the g-
SILLPs on the formation, release, and recapture of active species
from the reaction medium.

Thus, the kinetic profiles for polymers 5 and 6 on the model
reaction were evaluated at 90 �C. Again this temperature was se-
lected to properly observe the sigmoidal kinetics and to identify
the induction period for all resins. The results achieved are shown
in Fig. 5. The Pd/IL-like fragments ratio significantly affects the crit-
ical parameters of the process as are the overall reaction rates and
the ability of the support to release and recapture the soluble Pd
species. Indeed, a clearly different behavior was observed for the
Pd–g-SILLPs with low (5a–e) or high (6a–e) loading of ionic li-
quid-like moieties. Pd–g-SILLPs 5a–e were more active catalysts,
giving high conversions of PhI (85–99%) in less than 2 h. On the
contrary, a period of 3–5 h was required to obtain similar conver-
sions for highly functionalized polymers (6a–e). A second factor
that can affect the course of the reaction is the nature of the count-
eranions present in the IL-like moieties not transformed into Pd–
NHC functionalities. This effect was more important for the solids
with a high loading of ionic liquid-like units. For them the reaction
rates increased in the order SbF�6 (6e) > BF�4 (6b) > Tf2N�

(6d) > TfO� (6c) > Cl� (6a). Differences on reaction rates were also
observed for the resins with low IL-like moieties loadings, although
the effect was not so pronounced, the order being very similar:
SbF�6 (5e) > Tf2N� (5d) � BF�4 (5b) > TfO� (5c) > Cl� (5a). In all the
cases, the kinetic curves were fitted to Finke’s model to obtain
the values corresponding to the pseudo-elementary rate constants
for the nucleation (k1) and for the autocatalytic growth (k2), which
is shown in Table 6.

A linear relationship was found between the TOFs calculated at
50% conversion of PhI and the values of k2 calculated for each anion
in both series, high and low loading of ionic liquid-like units (see
Fig. 6). The differences in catalytic activity of the resins are clearly
associated to the coordinative ability of the counteranions. The
reactions performed with catalysts based on g-SILLPs containing
more coordinating anions (Cl� and CF3SO�3 ) show a lower activity.
Similar trends are observed when the effects of counteranions on
k1 are considered. Fig. 7 shows the existence of a linear relationship
between k1 and the amount of palladium leached to the reaction
medium for polymers 6 after 2 h of reaction at 90 �C. Again, the
more coordinating anions are associated with lower values for k1

and to a reduction of leaching. The presence of strong coordinating
yl or ethyl acrylate in DMF and ILs or SILLPs.

T (�C) t (h) Conversiona Selectivityb

90 1 100 100
90 4.5 95 100
90 24 43 68
90 24 35 56
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counteranions is expected to stabilize the Pd–g-SILLPs complexes,
as well as the Pd–NPs–g-SILLPs once formed, thus reducing the rate
for the generation of Pd(0) (k1).

The former effect of the counteranion is remarkable as the Heck
reaction considered here occurs with the concomitant formation of
significant amounts of Et3NI that does not seem to interfere nor
compete with the imidazolium subunits in the stabilization of
the Pd–NPs formed.
The significant leaching of Pd observed at 90 �C is accompanied
by a decrease in the activity for successive runs. Thus, for 6e, the
first and second run produced a quantitative transformation of
the substrates, but conversion falls dramatically after the third
use to yield only 20% of the product. This was expected, since
SbF6 is the less coordinative anion employed and therefore a faster
release and less capability to stabilize and recapture the active spe-
cies was anticipated [47]. It could be expected that using longer



Table 6
Catalytic activity of the Pd–g-SILLPs in the Heck reaction. Kinetic parameters.

Entry Pd–g-SILLP X� k1 � 104 (min�1) k2 � 10�6 (M�1 min�1)a

1 5a Cl 27.4 1.68
2 6a Cl 2.55 0.43
3 5b BF4 45.4 1.75
4 6b BF4 4.92 1.00
5 5c TfO 30.3 1.50
6 6c TfO 1.03 0.48
7 5d NTf2 37.0 1.78
8 6d NTf2 4.37 0.59
9 5e SbF6 55.3 2.73
10 6e SbF6 9.93 1.36

a k2 values corrected by a stoichiometric factor [30].
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reaction times, a higher degree of redeposition could be obtained,
although problems of excessive aggregation could affect the reus-
ability of the system in further reaction cycles, needing the addi-
tion of an oxidant agent, such as iodide [40,3a]. However, when
the reaction is carried out at 130 �C, no leaching is detected and
the number of efficient cycles largely increases. This is a much
more efficient approach. For the same resin (6e) nearly quantita-
tive yields were achieved for a constant reaction time (180 min)
for more than five cycles. Nevertheless, kinetic profiles for the dif-
ferent cycles are a more realistic tool to analyze the long-term sta-
bility of those systems than conversion or yields [7]. In this regard,
some reduction on the reaction rates (Fig. 8) was observed, relative
to the first cycle, for the second run. We must be aware that obvi-
ously different kinetics parameters must apply for the first and for
consecutive cycles. Once the Pd–NPs are formed and stabilized by
the g-SILLPs surfaces, the precatalytic species are those Pd–NPs–g-
SILLPs and not the initially supported Pd–NHC species. The k01 and
k02 (see Fig. 3) values should reflect the rates for the formation of
the true catalytic species from those Pd–NPs–g-SILLPs. The recap-
ture of the active species is also quite efficient, since no leaching
was detected by ICP-MS. Moreover, SEM images from the polymer
after the first cycle showed the presence of Pd(0). In regard to the
activity of the palladium species recaptured onto the g-SILLPs, this
material was used in four additional runs. Remarkably, in all the
reuses, yields >95% for the main product, after 180 min, were
achieved without the need of any additional oxidizing agent. Fur-
thermore, as it can be observed in Fig. 8, the kinetic profiles in
the successive runs are very similar. More importantly, the slope
of the sigmoidal profile was found to be 1.295 ± 0.026 min�1 in
the cycles 2–5, indicating that activity remains essentially constant
for successive cycles and fully confirming that our supported Pd
system maintains the activity for the successive cycles and is fully
recoverable. This also demonstrates that the active species and the
mechanisms are the same in all recycles assayed.

Finally, some additional experiments were carried out to ex-
plore the scope of our catalytic system. Thus, the Heck reaction
was examined for different iodo and bromobenzenes and with dif-
ferent acrylates as well as styrene and some results are gathered in
Table 7. Resin 6a was chosen as the catalyst and the solvent and
base used were N-methylpyrrolydone and NaOAc to favor the reac-
tivity of the less reactive substrates. All aryl iodides were rapidly
converted to the corresponding Heck products with excellent
yields, regardless of the nature of the alkene (Table 7, entries
1–3). Reaction of p-bromoacetophenone and p-nitrobromobenzene
with methyl acrylate gave the corresponding product in 95% and
97% yield, respectively, in 18 h (entries 4 and 5). Nevertheless, as
could be expected, when the less active substrates p-metoxyb-
romobenzene and bromobenzene were assayed, lower yields of
product were observed for the same period of time. Resin 6a was
not active, however, for the Heck reaction with an activate chloro-
arene and methyl acrylate.

Once the system proved to be active and recyclable, we also
tested different C–C coupling reactions employing the same system
(Table 7, entries 9 and 10). The Sonogashira coupling between
iodobenzene and phenyacetylene proved to be very straightfor-
ward. Noteworthy, the reaction was carried out under aerobic con-
ditions and without the use of CuI as a co-catalyst. The Suzuki
reaction between iodobenzene and phenylboronic acid was also
carried out successfully. In this case 24 h of reaction time was nec-
essary to obtain yields over 90%.
4. Conclusions

In summary, the Heck reaction was effectively catalyzed by dif-
ferent Pd–g-SILLPs. Excellent values of TON and TOF can be
achieved for the coupling of phenyliodide and methylacrylate.
The reaction system can be easily handled, being stable against
moisture and air. The reaction mechanism seems to involve the
formation of soluble species of molecular and colloidal nature.
The initial Pd–NHC supported complexes are mere precatalysts of
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Table 7
Cross-Coupling reactions of haloarenes catalyzed by Pd–g-SILLP 6a.

Entry R1 X� R2 Z Time (h) Yield (%)

R1X + R2Z ? R1-ZR2

1 H I CH2@CH CO2Me 4 97
2 H I CH2@CH Ph 4 95
3 H I CH2@CH CN 4 89
4 4-NO2 Br CH2@CH CO2Me 18 97
5 4-CH3CO Br CH2@CH CO2Me 18 95
6 4-CH3O Br CH2@CH CO2Me 18 15
7 H Br CH2@CH CO2Me 18 30
8 4-CHO Cl CH2@CH CO2Me 18 –
9 H I HC„C Ph 18 95
10 H I B(OH)2 Ph 24 91

Z-R2 (7.5 mmol) and haloarene (5 mmol) at 140 �C by 0.04% mol of 6a in 5 mL NMP,
1.5 equivalents of NaOAc.
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the active species, released into the medium by the effect of the
phenyliodide and the base. The release is controlled by the micro-
environment of the palladium complexes provided by the func-
tional surfaces containing imidazolium moieties. The soluble
nanoclusters can further aggregate, but the presence of the IL-like
modified surfaces stabilizes the clusters formed and limits their
aggregation to form large, non-active Pd(0) particles. Important
differences in activity were observed depending on the nature
and loading of the g-SILLPs. Higher loadings of ionic liquid-like spe-
cies led, in all cases, to lower activities but efficient recovery. The
presence of more strongly coordinating anions, such as chloride
and triflate also provided reduced activities. On the contrary, weak
coordinating anions, such as SbF�6 and BF�4 , led to higher activities,
but worst recyclability. In this way, the functional polymers are
able to control the release of active species and efficiently recap-
ture them, and become a reservoir of Pd species being able to par-
ticipate in successive catalytic runs, leading to an efficient reusable
system. The truly reusable character of the supported Pd species
formed after the first cycle is confirmed by the constant perfor-
mance of the resins a 130 oC not only in terms of yield but also
in terms of the main kinetics parameters. This efficient recycling
can be achieved without the need of additional reactivation of
the redeposit Pd species. The present catalysts have also been
shown to efficiently catalyze the Heck reaction of iodides and
bromides with different alkenes, and are also active for related pre-
cesses such as Sonogashira and Suzuki reactions.
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