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Microwaves-promoted solventless Mizoroki−Heck reactions 
catalysed by Pd nanoparticles supported on laponite clay 

Alejandro V. Martínez, Fabio Invernizzi, Alejandro Leal, José A. Mayoral, José I. García*  

A new family of solid catalysts has been prepared by supporting palladium nanoparticles onto a synthetic clay 
(laponite) using a straightforward and robust procedure. These solids have been used as catalysts in a 
Mizoroki−Heck reaction, in solventless conditions, activated by microwave radiation. Complete conversions and 
high product yields can be obtained in a few minutes, and the catalyst can be efficiently recovered by extracting 
reaction products in essentially pure form. In the best cases, catalysts can be used up to thirteen times with good 
results. 
 

1. Introduction 

The use of microwaves irradiation for promoting chemical 
reactions has become a versatile tool in organic synthesis. 
Rapid heating, reduced reaction times and, in many cases, 
increased yields have made microwave irradiation a commonly 
used tool.1,2 In this context the use of metal catalysis in 
conjunction with microwaves may have significant advantages 
over conventional heating since the inverted temperature 
gradient under microwave conditions may lead to increased 
lifetime of the catalyst.3,4 
 There are extensive studies about Suzuki−Miyaura and, to a 
lesser extent, Mizoroki−Heck type C−C cross-coupling 
reactions incorporating microwave irradiation using palladium 
complexes with different ligands, including phosphine free 
reactions.5 In most cases, water,6–11 DMF or aqueous mixtures 
of this and other organic solvents are used as reaction media.12–

17 Leadbeater and co-workers showed that these reactions can 
be carried out with very low concentration of palladium 
catalysts using a phase transfer catalyst under microwaves.8 
Kappe and co-workers have also used microwave activation 
together with very low catalyst concentrations under flow 
conditions.18 More recently, accelerated Heck−Mizoroki 
reactions have been described using ortho-palladated 
complexes in ionic liquids under microwaves.19,20 Even more 
recently, a highly regioselective Mizoroki−Heck reaction has 
been described using DMSO/[BMIM][BF4] under microwave 
irradiation.21 
 In contrast with the extensive literature on microwave- 
activated cross-coupling reactions in homogeneous phase, the 
combination of this mode of activation with solid catalysts is 
much less abundant. Kappe and co-workers described the use of 
Pd/C,18 whereas Ley and co-workers investigated the synthesis 
of encapsulated Pd-based catalytic systems and their use in 
Suzuki−Miyaura reactions.22 PdCl2 complexes with bis(2-
pyridyl)methylamine covalently bonded to an organic polymer 
have been described for the microwave-assisted 
Mizoroki−Heck, Suzuki−Miyaura and Sonogashira reactions in 
water,23 although the recovery of the catalysts has been only 
studied for the reactions carried out under conventional heating. 
Very recently, Suzuki−Miyaura reactions, promoted by a gold-
supported palladium material, have been studied using two 
types of microwave activation.24 In this context, reports on the 
combined use of microwave activation and supported 
nanoparticles are even less frequent. It is worth noting the 
seminal work by Choudary et al., who described the use of 

layered double hydroxide supported palladium nanoparticles for 
the catalysis of several cross-coupling reactions,25 although 
recycling experiments were very limited. Gupton and co-
workers have described the microwave-assisted synthesis of 
palladium nanoparticles supported on graphene, and their use in 
the catalysis of Suzuki−Miyaura and Mizoroki−Heck C−C 
cross-coupling reactions (up to 8 catalyst uses in a Suzuki 
coupling),26 The same group has also described the use of 
carbon nanotubes as support, with similar results (up to 9 uses 
in the same reaction).27 Graphene oxide28 and wood29 have also 
been used as supports of Pd nanoparticles, but these catalytic 
systems display a limited recyclability. Better results have been 
described very recently by García-Suárez et al., who used 
carbon-supported Pd nanoparticles for the Suzuki–Miyaura 
reaction in aqueous-based media (up to 10 catalyst uses).30 Das 
and co-workers have described the microwave-activated 
Suzuki−Miyaura reactions promoted by Rh(0) nano(micro)-
particles supported on a modified amberlite (IRA 900),31 
showing the high recyclability of the catalyst (up to 12 uses). 
More recently, an efficient catalyst for the microwave activated 
Mizoroki−Heck and Suzuki−Miyaura has been obtained by 
immobilization of Pd nanoparticles on a nanosilica triazine 
dendritic polymer, but no recycling experiments were 
conducted with the first reaction.32 
 In general, the use of conventional heating does not lead to 
much better recoverability results. One of the best systems 
described to date, consisting of a Pd complex immobilized on 
the surface of Au nanoparticles, allows up to 15 uses in the 
Heck reaction between iodobenzene and butyl acrylate, 
although yields are over 90% only in the ten first reuses.33 In 
the case of nanoparticle-based catalysts, Pd nanoparticles 
supported on microporous polymers have been used up to nine 
times in the Suzuki reaction between bromobenzene and 
phenylboronic acid.34 Regarding the Mizoroki−Heck reaction, 
recoverability results are worse in general. Up to six catalyst 
uses have been described using Pd nanoparticles immobilized 
on different supports.35–37 
 It becomes apparent that, in spite of the abundant literature 
about microwave-assisted C−C bond couplings, and especially 
of Mizoroki−Heck type, examples in which these reactions are 
promoted by supported nanoparticles are rather scarce, which 
may be due to the fact that increased mobility of the 
nanoparticles caused by microwaves favours their sintering, 
leading to a decrease of the catalytic activity and a worse 
recoverability. Therefore, simple strategies to use cheap and 
easily available supports for the preparation of supported 
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nanoparticles to be efficiently used in microwave-assisted 
cross-coupling reactions are still lacking. Very recently we have 
described the preparation of palladium nanoparticles supported 
on a laponite clay and their use as catalysts in Mizoroki−Heck 
reactions carried out under conventional heating.38 Up to 16 
catalyst uses with almost quantitative yield were possible in the 
best cases. In this paper we investigate if the laponite-supported 
palladium nanoparticles can clean and efficiently promote these 
kinds of reactions using low power microwave irradiation, in 
short reaction times and keeping good recoverability (Scheme 
1). 

 
Scheme	   1	   Benchmark	   Mizoroki−Heck	   cross-‐coupling	   reaction	   used	   in	   the	  
catalytic	  tests.	  

2. Experimental 

2.1. General 

All reagents were purchased from commercial sources (Sigma–
Aldrich) and used without further purification, unless otherwise 
indicated. Deuterated solvents were purchased from Aldrich. 
All analytical pure reagents were used as the only solvents in 
the reactions. Laponite clay was obtained from Rockwood 
Additives Ltd. Microwave-promoted reactions were carried out 
in a CEM Discover® Microwave oven provided with a non-
invasive temperature measurement by a vertically focused 
infrared sensor. Two different operation modes were used: 
constant power and automated power control based on 
temperature feedback (constant temperature). This oven allows 
continuous operating powers from 0 to 300W, with 1W 
increments, and operating temperatures from 40ºC to 300ºC. 
Conversions and reaction yields were determined by gas 
chromatography using Agilent 6809A and 7890A gas 
chromatographs, provided with FID detectors. Compounds 
were characterized by NMR spectrometry on a Bruker Advance 
400 MHz spectrometer. High-resolution TEM micrographs 
were obtained with a JEOL-2000 FXII microscope. STEM 
micrographs were obtained with a FEI TECNAI F30 
microscope. Field Emission SEM (FESEM) micrographs were 
obtained with a Carl Zeiss MERLIN™ microscope. 
Thermogravimetric analyses were carried out in a SDT-2960 
Simultaneous TDA-TGA. 

2.2. Preparation of palladium nanoparticles stabilized 
with polyvinylpyrrolidone (Pd-PVP NPs) 

This nanoparticles synthesis method is based on the reduction 
of a palladium (II) complex with ethanol.39,40 In a 100 mL flask, 
a 2 mM H2PdCl4 solution was prepared by mixing 35.4 mg of 
PdCl2 (0.2 mmol), 2 mL of 0.2 M HCl, and 98 mL of H2O. A 
mixture of 140 mL of H2O, 94 mL of ethanol, 444.6 mg of PVP 
and 100 mL of the 0.02 mM H2PdCl4 solution was refluxed in a 
500 mL flask during 3 h under air to synthesize the palladium 
nanoparticles protected by PVP. The black solution was 
evaporated at reduced pressure, and the remaining black solid 
was dissolved in 66 mL of ethanol. The result was a black 
stable colloidal suspension of Pd-PVP NPs (3 mM) in ethanol. 
The size distribution was determined by analysis of the TEM 

images.38 The size range is 0.5−3.5 nm, with a typical value of 
1.8±0.6 nm. 

2.3. Preparation of laponite-supported nanoparticles 

In a 20 mL Schlenk flask, 1 g of laponite, the desired amount of 
ionic compound (0/0.48/1.46 mmol of [BMIM][PF6] or 
tetrabutylammonium bromide, TBAB), 1 mL of the ethanol 
colloidal suspension of Pd nanoparticles (3 mM) and 6 mL of 
dichloromethane (DCM) were mixed, and the mixture 
magnetically stirred during 20 min. After that, ethanol and 
DCM were removed under reduced pressure. The result was a 
powdered grey solid consisting of the Pd NPs supported onto 
the laponite-IL system. The size distribution was determined by 
analysis of the TEM images (Fig. 1). The size range observed is 
1−14 nm, with an average value of 6.3 ± 2.8 nm.  

 
Fig. 1 Size distribution of the supported Pd nanoparticles in the fresh catalysts. 

2.4. General procedure for Heck coupling reactions 

In a 5 mL Schlenk flask, 0.3 mmol of the corresponding aryl 
halide were mixed with 0.7 mmol of the olefin and 2.2 mmol of 
triethylamine. Then, the reagents mixture was transferred 
through a syringe to a microwavable flask containing the 
catalytic system previously prepared. The reaction mixture got 
completely adsorbed onto the solid. The reactions were carried 
out under microwave irradiation during a period of time 
ranging from 5 to 10 min. After finishing irradiation, the solid 
was transferred to a 20 mL Schlenk flask and extracted with 
hexane at 65ºC (1 x 10 mL and then 4 x 5 mL). The solid was 
dried under reduced pressure to be reused, and the combined 
extracts containing the reaction products were analysed by gas 
chromatography. Then the solution was filtered through silica, 
the extraction solvent was removed under reduced pressure, and 
the isolated product analysed by NMR to test its purity. 
1H-NMR(400 MHz, CDCl3): 7.68 (1H, d, 16.0 Hz), 7.54–7.52 
(2H, m), 7.40–7.37 (3H, m), 6.44 (1H, d, 16.0 Hz), 4.22 (2H, t, 
6.7 Hz), 1.70 (2H, m), 1.44 (2H, m), 0.97 (3H, t, 7.4 Hz). 
13C-NMR(75 MHz, CDCl3, APT): 167.1 (−, Cquat), 144.5 (+, 
CH), 134.5 (−, Cquat), 130.2 (+, CH), 128.9 (+, CH), 128.0 (+, 
CH), 118.4 (+, CH), 64.4 (−, CH2), 30.8 (−, CH2), 19.2 (−, 
CH2), 13.7 (+, CH3). 
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3. Results and discussion 

3.1. Preparation and characterization of the catalysts 

One of the goals of our methodology is to prepare supported 
nanoparticles in a straightforward manner. Thus, 
polyvinylpyrrolidone (PVP)-stabilized palladium nanoparticles 
(Pd-PVP) were prepared by reduction of H2PdCl4 with ethanol, 
following the previously established methodology.38–40 This 
leads to a colloidal suspension of nanoparticles with a size 
distribution of 1.8±0.6 nm.38 

 
Fig. 2 a) SEM and b) TEM micrographs of a freshly prepared supported 
nanoparticles catalyst. 

 Immobilization of these nanoparticles was accomplished by 
impregnation of the laponite clay with a dichloromethane 
solution of the Pd-PVP nanoparticles, either with or without an 
additional ionic compound (see the Experimental section for 
details). The SEM micrographs (Fig. 2a) show the lamellar 
structure of the laponite clay. TEM micrographs (Fig. 2b) 
clearly display the structure of the clay platelet assemblies and 
show the dispersion of the palladium nanoparticles on the clay 
surface. The size distribution of the nanoparticles was 
determined by analysis of the TEM images (see Experimental 
section). 

3.2. Catalytic tests 

The solid catalysts prepared were tested in the benchmark 
reaction of iodobenzene with butyl acrylate in the presence of 
NEt3 without the addition of any other solvent (Scheme 1). The 
advantages of using microwave activation in solventless 
conditions and in the presence of an inorganic support has been 
recognized for some time now.41–43 The first series of 
experiments were conducted at constant microwave power. The 
influence of microwave power and reaction time on the 
catalytic results was systematically studied. After each reaction 
the solid was thoroughly washed with hexane (1 x 10 mL and 
then 4 x 5 mL) and the organic extract analysed by gas 
chromatography using n-decane as an internal standard. The 
results obtained are gathered in Table 1. 

Table 1 Results obtained in the Heck reaction of iodobenzene with butyl acrylate 
using laponite supported Pd nanoparticles under microwave irradiation. 

entry µw power 
(W) 

reaction time 
(min) 

cyclea %yieldb 

1 75 4 1 >99 
2   2 54 
3   3 24 
4 50 5 1 >99 
5   2 93 
6   3 94 
7   4 60 
8   5 22 
9 45 5 1 31 

10   2 94 
11   3 97 
12   4 72 
13 40 5 1 45 
14   2 62 
15   3 87 
16   4 92 
17   5 94 
18   6 60 
19 25 10 1 17 
20   2 93 
21   3 95 
22   4 93 
23   5 88 
24   6 84 
25   7 81 
26   8 82 
27   9 61 
28   10 69 
29   11 76 
30   12 10 
31 50 5 1 87 
32 25 5 2 60 
33   3 69 
34   4 76 
35   5 88 
36   6 43 

aFull results are available in the Electronic Supplementary Information (ESI). 
b Determined by gas chromatography. Regio- and stereoselectivity to butyl 
(E)-cinnamate were 100% in all cases. 

 As can be seen the time necessary to reach complete 
conversion depends on the power of the microwave source. 
Thus, whereas at 75W complete conversion and quantitative 
yield is reached after only 4 minutes (entry 1), reaction time for 
the same result must be increased to 5 minutes when the 
reaction is irradiated at 50W (entry 4). At lower powers 
reactions need a kind of “induction period”. For instance, at 
45W the first reaction cycle reaches 31% yield after 5 minutes 
(entry 9), whereas yields around 95% are reached in the second 
and third cycles (entries 10 and 11). Using 25W a modest 17% 
yield is reached after 10 minutes (entry 19), but yields over 
80% are obtained in the following seven cycles (entries 20–26). 
It is worth noting that these reaction times represent speeding-
up reaction rates by around 24 to 60 times, with regard to the 
best results obtained with similar catalytic systems using 
conventional heating.38 
 It is also clear that catalyst recovery is better when reactions 
are carried out under low power irradiation, and so in reactions 
carried out at 75W yield decreases below 80% in the first reuse, 
whereas this result is observed after five reaction cycles at 40W 
and after eight cycles when reactions are carried out at 25W. 
Trying to avoid the induction period and to improve catalyst 
recovery, we carried out the reaction under microwaves at 50W 
in the first cycle and at 25W in the successive reuses (entries 

20#µm#556#X#
200#nm#25000#X#

a)#

80000#X#
50#nm#50#nm# 60000#X#

Clay%platelet%assemblies%

Pd%NPs%
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31–36). Although in the first cycle ca. 90% conversion was 
reached after 5 minutes, the recovery of the catalyst was in fact 
worse than that observed with the catalyst used at 25 W in all 
reactions (entries 19–30). As the catalyst is reused in further 
cycles, full extraction of reaction products becomes more 
difficult because of the accumulation of the concomitant 
triethylammoniun iodide. This results in erratic yield values, as 
in the case of entries 26–29 in Table 1. The yield increase 
observed in some cycles may be due to incomplete product 
extraction in the precedent cycles, a situation that is common 
with a low polar solvent is used to extract products from a 
heterogeneous catalyst.44 
 The particle size of the clay support largely decreases upon 
catalyst reuse. This seems to be due to extensive delamination 
of the clay structure in reaction conditions, as shown by the 
SEM micrographs of the exhaust catalyst (Fig. 3). As can be 
seen, the platelets are more clearly revealed than in the case of 
the freshly prepared catalyst (Fig. 2a), indicating the partial 
delamination of the structure. 

 
Fig. 3 SEM micrographs of a used catalyst. 

 Deactivation of the catalyst may be due to palladium 
leaching, so we compared ICP-MS Pd analyses of the fresh 
catalyst and two used catalysts, namely that used in 6 reaction 
cycles at 40 W during 5 min., which still keeps a noticeably 
activity, and the catalyst used 12 times at 25W during 10 min, 
which is almost exhaust. In order to avoid any interference in 
the analyses by the presence of organic materials, catalysts 
were calcined under air at 550ºC for 8 h before being submitted 
to analysis. Furthermore, palladium content variations were 
determined by using Pd/Mg molar ratios, given that Mg content 
in the clay should not be modified under the reaction 
conditions. We had already proven the adequacy of this 
protocol in a previous work.38 The measured Pd/Mg ratio 
decreases from 4.55 x 10–4 in the fresh catalyst to 3.75 x 10–4 in 
that used 6 times and 2.43 x 10–4 in the exhaust one after 12 
uses, which represent 17.6% and 46.5 % Pd leaching, 
respectively. The latter leaching value is not high enough to 
justify almost complete deactivation, since in previous studies, 
we have observed significant activity (more than 40% yield), 
even after 90% Pd leaching.38 In this context, it should be 
mentioned that there is still an open discussion about the nature 
of the true catalytic species involved in the catalysis of cross-
coupling reactions by Pd nanoparticles. There is some evidence 
supporting the formation either of coordinatively unsaturated 
Pd atoms or anionic halide complexes, which would be the true 
catalytic species, and that would redeposit onto the support at 
the end of the reaction.45 The formation of these species would 
also explain the leaching of palladium from the catalyst, as well 
as the decrease of the size of the Pd nanoparticles by loss of 
palladium atoms. In our case, since the nanoparticles are 
deposited onto a solid support and the reaction is carried out in 
solventless conditions (even though the reagents are liquids, 
after adsorption onto the catalyst, the whole system has the 

appearance of a dry powder), it is difficult to ascertain the true 
nature of the catalytic species. In a previous work, hot 
extraction experiments did not revealed the presence of 
catalytically active soluble species.38 
 A second possibility for catalyst deactivation is the sintering 
of the Pd-nanoparticles due to the high local temperatures 
generated by the microwave heating. Scanning transmission 
electron micrographs (STEM) show the presence of big size 
palladium nanoparticles in the catalyst used 6 times (Fig. 4), but 
they also reveal the presence of a large number of small 
nanoparticles, which are still able to catalyse the reactions. 
Unfortunately, STEM micrographs in the case of the exhaust 
catalyst did not allow localizing any Pd nanoparticle, in spite of 
keeping more than half of the initial Pd content, which could 
also be due to the abovementioned Pd dissolution−redeposition 
process. 

 
Fig. 4 STEM micrograph of the catalyst used in six reaction cycles at 40 W 
during 5 min, showing large Pd nanoparticles (black arrows), together with 
smaller ones. 

 Finally, it can be thought that catalyst may be poisoned 
either by the concomitant by-product, the ammonium salt that 
remains over the anionic support, or by some by-products 
coming from it, given that this ionic by-product efficiently 
absorbs microwaves and, in fact, less active catalysts become 
dark brown-coloured. TGA analyses indicate that exhausted 
catalyst loses around 45% of their mass at 356ºC (see ESI), and 
elemental C, H and N analysis reveals that the proportions of 
these elements match those of the ammonium salt. Electron-
probe X-ray fluorescence (EP-XRF) analysis in SEM samples 
reveals the presence of iodine, supporting the massive presence 
of ammonium salt in the used catalyst. This fact would also 
account for the more efficient recovery of the catalyst in the 
reactions carried out under low power microwave irradiation. It 
may be thought that the observed “induction period” is only an 
artifact and that the increase in yields after the first cycle is due 
to the more efficient absorption of the microwaves in the 
presence of the ammonium salt formed. In fact, in the reaction 
carried out under microwaves at 25W during 10 min., the 
measured reaction temperatures increase from 90ºC to 125ºC 
after six cycles and reach 180ºC in the last use of the catalyst, 
when it is already deactivated. It should be mentioned that 
reactants and products are practically transparent to microwave 
radiation, the ammonium salt and (to a lesser extent) the 
support being the only responsible for the heating, due to their 
better absorption of the microwave radiation through the well-
known ionic conduction and dielectric heating mechanisms.2,3 
 Trying to avoid catalyst poisoning by decomposition 
products of the ammonium salt at high temperatures, we carried 

1"µm"
5000"X"500#X#
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out the reaction at 25 W, the power leading to the best results in 
the previous experiments, keeping the temperature of the 
reaction constant (Table 2). 

Table 2 Results obtained in the Heck reaction of iodobenzene with butyl acrylate 
using laponite supported Pd nanoparticles under microwave irradiation (25 W) at 
constant temperature. 

entry T (ºC) Cyclea Yield (%)b,c 
1 80 1 39 
2  2 95 
3  3 96 
4  4 95 
5  5 93 
6  6 98 
7  7 77 
8  8 77 
9 90 1 90 

10  2 94 
11  3 98 
12  4 97 
13  5 97 
14  6 98 
15  7 71 
16  8 69 
17 100 1 78 
18  2 97 
19  3 97 
20  4 97 
21  5 97 
22  6 98 
23  7 74 
24  8 61 
25 110 1 87 
26  2 97 
27  3 97 
28  4 97 
29  5 98 
30  6 74 
31  7 29 

a All reactions were carried out in 10 minutes on a 0.9 mmol scale of 
iodobenzene, 1.41 equiv. of butyl acrylate and 2.15 mmol of NEt3 in 
solventless conditions. b Determined by GC. Regio- and stereoselectivity to 
n-butyl (E)-cinnamate were 100% in all cases. c Full results are available in 
the Supplementary Information. 

 An “induction period” is again observed in the reaction 
carried out at 80ºC, this effect being less important above this 
temperature. On the other hand, the catalyst recovery 
deteriorates with the reaction temperature increases, being 
clearly worse at 110 ºC. Catalyst stability does not improve 
with regard to the experiments carried out at constant 
microwaves power. The catalyst can be used during six cycles 
with good results, but the yield decreases in the following 
cycles. Even more important, there is an increasing amount of 
by-products detected in the GC analyses, which results in a 
noticeable decrease of the isolated product yield (more than 
30% with regard to the yields determined by GC; see Table S2 
in the ESI). As catalyst poisoning does not seem to be avoided 
by the constant temperature system of the microwave oven 
used, we continued our study using microwaves activation at a 
constant power. 
 As previously mentioned, the formation of the ammonium 
salt concomitant product in the first cycles favours the 
absorption of microwaves energy by the system in the 
subsequent uses, which explains the lower yields often 
observed in the first catalyst use. With this hypothesis in mind, 
we decided to incorporate an ionic compound as part of 
catalysts preparation to improve the absorption of microwaves 

energy from the first reaction cycle. In a first series of 
experiments we used 0.3 mL of [BMIM][PF6] (1.46 mmol) per 
gram of laponite, because this is the amount of ionic liquid that 
behaves as a solid on the laponite surface, as demonstrated by 
solid-state NMR experiments.46 The results of these catalytic 
tests are gathered in Table 3. 

Table 3 Results obtained in the Heck reaction of iodobenzene with butyl acrylate 
using laponite supported Pd nanoparticles under microwave irradiation in the 
presence of [BMIM][PF6]. 

entry [BMIM][PF6] 
(mmol/g clay) 

µw power 
(W) 

reaction time 
(min) 

cyclea %yieldb 

1 0.3 30 5 1 80 
2    2 33 
3  25 5 1 92 
4    2 23 
5  15 10 1 77 
6    3 78 
7    6 91 
8    12 87 
9    13 81 

10    14 23 
11 0.1 45 5 1 91 
12    2 90 
13    3 89 
14    4 10 
15  40 5 1 84 
16    2 91 
17    3 87 
18    4 89 
19    5 81 
20    6 n.d. 
21  35 5 1 45 
22    2 74 
23    3 97 
24    4 90 
25    5 6 
26  20 10 1 69 
27    2 97 
28    3 89 
29    7 90 
30    8 83 
31    11 65 
32    12 42 
33    14 8 

aFull results are available in the Supplementary Information. b Determined by 
gas chromatography. Regio- and stereoselectivity to n-butyl (E)-cinnamate 
were 100% in all cases. 
 As can be seen high yields are obtained in only 5 minutes 
under microwave powers as low as 25 and 30W (entries 1–4), 
however the catalyst cannot be reused and it gets deactivated 
after the first cycle. Using 15W and 10 minutes of reaction, 
77% yield is obtained in the first cycle, which subsequently 
increases to about 90% in the following cycles and the catalyst 
can be used up to 13 times with the similar yields (entries 5–
10). Pd leaching, as determined after 14 uses, is ca. 43%, a 
value slightly lower than that previously discussed, above all if 
we take into consideration that this catalyst has been used in 
two more cycles than the previous one. We tried to improve 
catalyst recovery by reducing the amount of ionic liquid to only 
0.1 mL (0.48 mmol) per gram of support, but in this case higher 
irradiation power is necessary to reach high yields. 
Furthermore, although the “induction period” is not observed 
for reactions carried out over 35W, it is again evident for lower 
microwaves powers. In no case catalyst recovery is 
significantly improved. Concerning catalyst deactivation and 
Pd leaching, the latter is ca. 48% in the case of the catalyst used 
13 times at 20 W (entries 26–33), again similar to the previous 
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values. On the other hand, for the catalyst used six times at 
40W and that is completely deactivated, Pd leaching is as low 
as 7.5%. This constitutes the clearest example showing that 
leaching is not the main responsible for catalyst deactivation. 
 Given that the concomitant by-product is an ammonium salt 
we also explored the ab initio activation of the reaction by the 
addition of tetrabutylammonium bromide (TBAB). As in the 
case of the ionic liquid, the same two different molar amounts 
were used in the preparation of the fresh catalyst. The results 
obtained with these series of catalysts are gathered in Table 4. 

Table 4 Results obtained in the Heck reaction of iodobenzene with butyl acrylate 
using laponite supported Pd nanoparticles under microwave irradiation in the 
presence of tetrabutylammonium bromide (TBAB). 

entry TBAB 
(mmol/g clay) 

µw power 
(W) 

t (min) Cyclea Yield 
(%)b 

1 1.46 25 5 1 >99 
2    2 98 
3    3 98 
4    8 60 
5    9 40 
6    10 6 
7  15 10 1 >99 
8    2 >99 
9    3 83 

10    4 45 
11  20 5 1 92 
12    2 19 
13    4 36 
14 0.48 40 5 1 89 
15    2 92 
16    3 92 
17    4 96 
18    5 69 
19    6 30 
20  20 10 1 66 
21    2 95 
22    3 86 
23    4 54 
24    5 54 
25    6 35 
26  40 5 1 91 
27  20 5 2 61 

aFull results are available in the Supplementary Information. b Determined by 
gas chromatography. Regio- and stereoselectivity to n-butyl (E)-cinnamate 
were 100% in all cases. 
 
 The addition of this ammonium salt allows reaching 
excellent yields in short reaction times and with very low power 
of the microwave irradiation. However, in general, catalysts get 
deactivated faster than in the case of using the imidazolium salt 
in the same or similar reaction conditions. These results point 
towards the same conclusion, i.e., the ammonium salt allows a 
more efficient adsorption of microwaves, but it decomposes 
faster, poisoning the catalyst. As in the precedent case, Pd 
leaching (27.4% in the reactions at 25 W with 1.46 mmol/g of 
TBAB and 35% in the reactions at 40W with 0.48 mmol/g of 
TBAB) is not high enough to account for the dramatic catalyst 
deactivation observed. 
 

4. Conclusions 

We have prepared a number of stable solid catalysts by 
supporting palladium nanoparticles onto laponite, a synthetic 
clay, using a straightforward and robust procedure. These solids 
have been used as catalysts in a Mizoroki–Heck reaction, in 
solventless conditions, activated by microwave radiation. 

Complete conversions and high product yields can be obtained 
in a few minutes, which represents a noteworthy speed-up of 
the reaction with regard to conventional heating. The catalysts 
can be efficiently recovered by extracting reaction products 
with an auxiliary solvent. The concomitant by-product, 
tetraethylammonium iodide, remains deposited on the laponite 
upon extraction, so the reaction product is obtained from the 
extract in almost pure form, and contamination by salt is 
avoided. Furthermore, the ammonium salt acts as a microwave 
radiator through an ionic conduction mechanism, so the 
effectiveness of the reaction activation increases in subsequent 
uses of the catalyst. The same effect can also be obtained by 
including an ionic compound at the beginning, during the 
preparation of the fresh catalysts. 
 Concerning catalyst recovery and reuse, the use of high 
microwave power is detrimental for catalyst life, probably 
because of the decomposition of the ammonium salt, and 
subsequent catalyst poisoning by coke deposition. As a 
consequence, the best performances upon catalyst recovery are 
obtained using microwave power not higher than 25 W, in the 
case of catalysts prepared without any external microwave 
radiator, and 15 W, in the case of catalysts prepared with 
addition of an ionic compound. In both cases, between 10 and 
13 catalyst recoveries and reuses can be conducted with total 
conversion and high isolated yields, which match the current 
state of the art for this reaction, outperforming most of the 
examples described so far using supported Pd nanoparticles. 
However, it is not clear that microwave activation may become 
the activation method of choice for solventless reactions using 
this kind of catalyst, unless the problem of decomposition of 
the accumulated ammonium salt can be overcome. Work on 
this subject is currently underway. 
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1. Gas chromatography analyses of the Heck coupling reactions 

1.1 Heck coupling reaction of iodobenzene with n-butyl acrylate 

FID from Agilent 6890-II, Agilent J&W GC Columns HP-5: 30 m ×0.25 mm × 0.25 µm; helium as carrier 
gas. 20 psi; injector temperature: 230 °C; detector temperature: 250 °C; oven program: 70 °C (1 min), 20°C 
min−1 to 250 °C (7.5 min); retention times: n-butyl acrylate: 2.6 min, n-decane: 3.4 min, iodobenzene: 3.7 
min, (E)-butyl cinnamate: 8.7 min. 
 

 

Fig. S1. Typical CG chromatogram for the Heck coupling reaction of iodobenzene with n-butyl acrylate. 

In order to determine the Heck coupling yield n-decane is used as internal standard. The following equation 
was used to calculate the reaction yield, obtained from previous calibration experiments: 

𝑌𝑖𝑒𝑙𝑑 % = 1.163 ·
𝑑𝑒𝑐𝑎𝑛𝑒  𝑚𝑚𝑜𝑙 · 𝑐𝑖𝑛𝑛𝑎𝑚𝑎𝑡𝑒  𝑎𝑟𝑒𝑎
𝑖𝑜𝑑𝑜𝑏𝑒𝑛𝑧𝑒𝑛𝑒  𝑚𝑚𝑜𝑙 · 𝑑𝑒𝑐𝑎𝑛𝑒  𝑎𝑟𝑒𝑎

· 100 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 % = 1 − 0.617 ·
𝑑𝑒𝑐𝑎𝑛𝑒  𝑚𝑚𝑜𝑙 · 𝑖𝑜𝑑𝑜𝑏𝑒𝑛𝑧𝑒𝑛𝑒  𝑎𝑟𝑒𝑎
𝑖𝑜𝑑𝑜𝑏𝑒𝑛𝑧𝑒𝑛𝑒  𝑚𝑚𝑜𝑙 · 𝑑𝑒𝑐𝑎𝑛𝑒  𝑎𝑟𝑒𝑎

· 100 
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2. NMR analysis of (E)-butyl cinnamate 

2.1 1H-NMR.	  

 

Fig. S2. 1H-NMR spectrum of n-butyl cinnamate. 
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2.2 13C-NMR (APT).	  

 

Fig. S3. 13C-RMN (APT) spectrum of n-butyl cinnamate. 
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2.3 HSQC [1H-13C(APT)-NMR]. 

 

Fig. S4. HSQC [1H-13C(APT)] NMR spectrum of n-butyl cinnamate. 
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3. Thermogravimetric analyses of freshly prepared and exhausted catalytic systems 

3.1 Laponite 

 

Fig. S5. TGA of laponite 
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3.2 Freshly prepared Pd-PVP@[bmim][PF6]-laponite catalyst 

 

Fig. S6. TGA of freshly prepared Pd-PVP@[bmim][PF6]-laponite catalyst 
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3.3 Exhaust Pd-PVP@ laponite catalyst applied to the reaction of iodobenzene with 
n-butyl acrylate 

 
Fig. S7. TGA of the exhaust Pd-PVP@ laponite catalyst 
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3.4 Exhaust Pd-PVP@[bmim][PF6]-laponite(0,1ml/g clay)catalyst applied to the reaction of iodobenzene 
with n-butyl acrylate 

 
Fig. S8. TGA of the exhaust Pd-PVP@[bmim][PF6]-laponite (0,1ml/g clay) catalyst 
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3.5 Exhaust Pd-PVP@[bmim][PF6]-laponite (0,3ml/g clay) catalyst applied to the reaction of iodobenzene 
with n-butyl acrylate 

 

Fig. S9. TGA of the exhaust Pd-PVP@[bmim][PF6]-laponite (0,3ml/g clay) catalyst 
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4. TEM analysis of the Catalytic Systems 

4.1 TEM analysis of the freshly prepared catalyst 

 
Fig. S10. TEM micrographs of the freshly prepared catalyst. 

4.2 STEM analysis of the exhausted catalyst 

 

Fig. S11. STEM micrographs of the exhausted catalyst. 
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4.3 Size distribution of the supported Pd nanoparticles in a freshly prepared catalyst 

 

 

 

Fig. S12. Size distribution of the supported nanoparticles before use 
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5. FESEM analysis of the Catalytic Systems 

5.1 Freshly prepared catalyst 

 

Fig. S13.FESEM micrographs of the freshly prepared catalyst 

 

5.2 Exhausted catalyst 

 

Fig. S14. FESEM micrographs of the exhausted catalyst 
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6. Complete results of recycling experiments 

6.1 Heck coupling reaction of iodobenzene with n-butyl acrylate, using laponite-supported Pd 
nanoparticles, under microwave irradiation (at constant power). 
 

Table S1. Results of Heck coupling reaction of iodobenzene with n-butyl acrylate, using laponite-supported Pd 
nanoparticles, under microwave irradiation. 

Time(min) Power(W) Run 
Iodobenzene 
conversion 

(%) 

GC Product 
Yield (%) 

Isolated Product 
Yield (%) 

4 75 1 >99 >99 84 

  2 60 54 40 

  3 30 24 16 
5 50 1 >99 >99 82 

  2 95 93 60 

  3 95 94 82 

  4 70 60 44 

  5 15 15 6 
5 45 1 36 31 29 

  2 95 94 81 

  3 98 97 87 

  4 79 72 53 
5 40 1 50 45 41 

  2 67 62 55 

  3 89 87 73 

  4 93 92 77 

  5 95 94 68 

  6 70 60 44 
10 25 1 39 25 20 

  2 96 94 72 

  3 98 97 80 

  4 95 90 68 

  5 97 95 61 

  6 86 84 73 

  7 89 81 45 

  8 85 82 68 

  9 67 61 52 

  10 76 69 53 

  11 80 76 61 

  12 57 10 5 
5 50 1 91 87 61 
5 25 2 67 60 50 

  3 70 69 68 

  4 79 76 66 

  5 89 88 80 

  6 52 43 36 
  



	  

	   S-‐23	  

6.2 Heck coupling reaction of iodobenzene with n-butyl acrylate, using laponite-supported Pd 
nanoparticles, under microwave irradiation (at constant temperature). 
 

Table S2. Results of Heck coupling reaction of iodobenzene with n-butyl acrylate, using laponite-supported Pd 
nanoparticles, 10 minutes reaction time, under microwave irradiation (25 W) at constant temperature. 

Temperature 
(ºC) Run Iodobenzene conversion (%) GC Product 

Yield (%) 
Isolated Product 

Yield (%) 
80 1 42 39 36 

 2 95 95 87 
 3 96 96 89 
 4 96 95 66 
 5 94 93 74 
 6 98 98 78 
 7 86 77 46 
 8 88 77 40 

90 1 92 90 72 
 2 94 94 91 
 3 98 98 89 
 4 97 97 87 
 5 98 97 74 
 6 98 98 76 
 7 85 71 38 
 8 79 69 48 

100 1 80 78 73 
 2 97 97 90 
 3 97 97 85 
 4 98 97 87 
 5 97 97 91 
 6 98 98 86 
 7 85 74 41 
 8 81 61 30 

110 1 93 87 47 
 2 97 97 89 
 3 98 97 91 
 4 98 97 56 
 5 98 98 91 
 6 83 74 49 
 7 82 29 7 
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6.3 Heck coupling reaction of iodobenzene with n-butyl acrylate. using laponite supported Pd 
nanoparticles under microwave irradiation in the presence of [BMIM][PF6] 

Table S3. Results of Heck coupling reaction of iodobenzene with n-butyl acrylate using laponite-‐supported Pd 
nanoparticles, under microwave irradiation in the presence of [BMIM][PF6].	  

[BMIM][PF6] 
(ml/g clay) Time (min) Power (W) run 

Iodobenzene 
conversion 

(%) 

GC 
Product 

Yield (%) 

Isolated Product 
Yield (%) 

0.3 5 30 1 82 80 74 

   2 38 33 30 

 5 25 1 94 92 77 

   2 31 23 21 

 10 15 1 52 49 46 

   2 96 95 80 

   3 83 79 63 

   4 94 90 53 

   5 97 95 52 

   6 94 91 67 

   7 98 96 60 

   8 86 81 57 

   9 90 88 73 

   10 79 75 64 

   11 72 68 59 

   12 90 87 66 

   13 86 81 62 

   14 17 17 6 
0.1 5 45 1 91 91 87 

   2 92 90 75 

   3 91 89 73 

   4 13 10 7 

 5 40 1 86 84 72 

   2 93 91 73 

   3 89 87 73 

   4 92 89 62 

   5 89 81 45 

   6 n.d n.d n.d 

 5 35 1 49 45 42 

   2 76 74 70 

   3 97 97 74 

   4 91 90 80 

   5 4 6 1 

 10 20 1 70 69 66 

   2 98 97 81 

   3 95 89 38 

   4 94 89 52 

   5 96 94 63 

   6 90 88 79 

   7 92 90 65 

   8 86 83 68 

   9 70 66 58 

   10 57 39 28 

   11 74 65 49 

   12 64 42 26 

   13 60 31 18 

   14 5 8 3 
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6.4 Heck coupling reaction of iodobenzene with n-butyl acrylate, using laponite-supported Pd 
nanoparticles, under microwave irradiation in the presence of tetrabutylammonium bromide (TBAB) 

Table S4. Results of Heck coupling reaction of iodobenzene with n-butyl acrylate, using laponite-supported Pd 
nanoparticles, under microwave irradiation in the presence of TBAB. 

TBAB (mmol/g 
clay) Time(min) Power(W) run 

Iodobenzene 
conversion 

(%) 

GC Product 
Yield (%) 

Isolated 
Product Yield 

(%) 
1.46 5 25 1 >99 >99 95 

   2 98 98 90 

   3 98 98 88 

   4 97 97 80 

   5 97 96 79 

   6 96 96 77 

   7 97 96 87 

   8 63 60 59 

   9 38 38 34 

   10 6 6 5 

 10 15 1 >99 >99 81 

   2 >99 >99 66 

   3 85 83 74 

   4 48 45 42 

 5 20 1 92 92 87 

   2 28 19 17 

   3 20 9 8 

   4 40 36 29 
0.48 5 40 1 91 89 72 

   2 93 92 79 

   3 93 92 87 

   4 96 96 80 

   5 80 69 45 

   6 32 30 15 

 10 20 1 70 66 60 

   2 95 95 88 

   3 87 86 81 

   4 60 54 47 

   5 60 54 36 

   6 28 25 17 

 5 40 1 92 91 84 

  20 2 64 61 57 

   3 62 58 54 

   4 71 70 67 
 

 
 


