
One-pot stepwise and consecutive mechanistically incompatible 
solvent-free reactions: Synthetic and mechanistic insights☆

Jorge Cambronero-Arregui a , Alejandro V. Martínez b, Elisabet Pires a , José A. Mayoral a,  
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A B S T R A C T

Pd nanoparticles supported on an accessible laponite clay are efficient and highly recoverable catalytic systems 
in benchmark coupling and hydrogenation reactions under solvent-free conditions. In this paper, we explore the 
use of these supported catalytic systems in one-pot stepwise and consecutive reactions with excellent isolated 
yields. Whereas the catalyst recovered from hydrogenation reactions remains active in both coupling and hy
drogenation processes, the catalyst used in coupling reactions is progressively deactivated for further hydroge
nations. This behavior is not due neither to the nanoparticles agglomeration nor to Pd leaching, but to the 
formation of Pd(II) on the catalyst surface, disclosing a clear XPS evidence for the theory of the “release and 
capture” mechanism. Nonetheless, the hydrogenation activity is fully recovered after reducing this surface Pd(II) 
using ethanol. Finally, we have applied this strategy in the synthesis of products with practical pharmaceutical 
interest such as nabumetone and resveratrol.

1. Introduction

Palladium nanoparticles (Pd NPs) are consolidated nanocatalysts for 
efficient and selective catalytic processes [1,2]. Indeed, the unique 
structured surface capacity and electronic properties of Pd makes it 
highly suitable for bottom-up synthesis of nanoparticles [3,4]. This type 
of synthetic methodology allows to guarantee the size and chemical 
composition of the nanoparticles [5,6], thus influencing their resulting 
catalytic activity. However, non-stabilized metal nanoparticles present 
agglomeration over time that reduce their specific surface area. Various 
organic ligands, polymers, and surfactants have been used for stabili
zation of nanoparticles through steric, electronic, and electrosteric 
repulsion forces [7,8]. After preparation, nanoparticles are usually 
supported over solid materials [9]. This immobilization increases the 
stability of nanoparticles and, above all, allows their recovery and reuse 
in order to design recoverable heterogeneous catalytic systems [10]. 
Natural and synthetic clays, such as laponite, zeolites, oxides, organic 
polymers, and carbonaceous materials are typical solid supports used for 
metal nanoparticles [4,11,12].

Among the different palladium-catalyzed reactions, C–C coupling 

and hydrogenation reactions stand out due to the industrial relevance of 
these processes. Cross-coupling reactions provide synthetic access to a 
large variety of value-added chemicals minimizing the waste generation 
[13,14], while metal-catalyzed hydrogenation of organic unsaturated 
compounds is widely applied in industrial processes, from petrochem
istry to the synthesis of fine-chemicals and fertilizers, or to the reme
diation of organic pollutants [15–17]. These processes are highly 
efficient due to the use of transition metal catalysts, as well as sustain
able, thanks to the total atom economy and low waste generation of 
hydrogenation reactions [18]. In fact, the hydrogenation of unsaturated 
compounds represents over 5% of total reactions carried out in the 
pharmaceutical industry [19]. Both homogeneous and heterogeneous 
catalysts have been applied to promote hydrogenation reactions [18]. 
However, heterogeneous catalysts are by far the most widely used in 
industrial hydrogenations [20]. Among the transition metals, palladium 
leads to efficient hydrogenation catalysts that allow for the use of more 
moderate pressure and temperature conditions [21–23]. When using 
nanoparticles, hydrogenation takes place on the surface of the nano
particle, without the participation of species leached from the nano
particles [24]. As a result, catalytic hydrogenations are strongly 
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influenced by the size and shape of nanoparticles [25,26]. In this 
context, interesting examples of size-dependent catalytic hydrogenation 
reactions have been recently described using precisely controlled Pd 
nanoclusters [27–29].

In diverse industrial and pharmaceutical processes, an organic re
action step is followed by the hydrogenation of the first reaction product 
[30]. Therefore, the development of scalable one-pot and consecutive 
catalyzed processes continues to attract increasing interest [31–33]. It is 
possible to find examples such as Heck plus Suzuki-Miyaura tandem and 
domino processes [34,35], Mizoroki-Heck cascade reactions [36], Heck 
reactions coupled to C–H activations [37,38] or carbonylations [39,40], 
as well as some recent examples of tandem processes, such as asym
metric transfer hydrogenation followed by Sonogashira coupling [41], 
and Suzuki-Miyaura coupled with hydrogenation [42,43].

Surprisingly, there are only a few examples dealing with the com
bination of Mizoroki-Heck with hydrogenation [44], even at a compact 
reactor scale [45]. The catalyst consisted on homogeneous Pd(AcO)2, 
5% Pd/C or, as described by Climent et al. supported Pd for the coupling 
of 4-methoxyiodoanisole and methyl vinyl ketone followed by hydro
genation [45–49]. Different solids, including magnesium oxide, hydro
talcites, hydroxyapatite, aluminium oxide (γ-Al2O3), and titanium 
dioxide (TiO2), were studied for supporting this Pd catalyst. Therefore, 
in these works, both homogeneous Pd complexes and heterogeneous 
supported Pd catalysts, without a real control in the size and surface 
characteristics of the catalyst, have been applied in one-pot processes 
based on C–C coupling plus hydrogenation. However, to the best of our 
knowledge, nanoparticulate catalysts have not yet been studied, which 
is rather surprising given the high catalytic activity of Pd nanoparticles 
to promote both reactions.

In this line, it is particularly important to design recoverable catalytic 
systems able to sequentially promote all reaction steps. In fact, the 
combination of reactions promoted by the same type or compatible 
catalyst is well known, however, the use of a priori non compatible 
catalysts is scarce. In this regard our group described some years ago the 
use of solids basic and acid catalysts in one-pot reactions, based on the 
concept of isolated catalytic sites [50].

Here we explore the possibility of using the same catalytic sites to 
combine reactions that occur through different mechanisms. Some years 
ago, we described the most recoverable catalyst for the Mizoroki-Heck 
reaction [10]. Therefore, in this work we have tested whether this 
type of supported nanoparticulate catalyst is active and recoverable in 
hydrogenation reactions. As it has been the case, we have tested the 
same catalyst in benchmark cross-coupling plus hydrogenation both 
one-pot stepwise and consecutive reactions, showing whether the cata
lyst used in one reaction could be reused in the other one, despite their 
different—a priori incompatible—catalytic mechanisms. Thus, we pre
sent stable, active, recoverable, and affordable catalytic systems based 
on clay-supported palladium nanoparticles to promote coupled C–C 
coupling plus hydrogenation reactions, for the first time. Furthermore, 
the results obtained provide valuable mechanistic insights.

2. Results and discussion

2.1. Preparation and characteristics of the catalytic systems

Designer heterogeneous catalytic systems were prepared by sup
porting palladium nanoparticles on laponite®. Laponite® is a white 
synthetic smectite clay, i.e. an affordable layer-type hydrous magnesium 
silicate with reproducible textural properties and composition, with 
empirical formula: Na0.7[(Si8Mg5.5Li0.3)O20(OH)4]. First, PVP-stabilized 
Pd nanoparticles were straightforwardly prepared in ethanol using Pd 
(II) chloride as a metallic precursor [6,10]. Then, this nanoparticle 
suspension was dispersed on laponite®, and the remaining ethanol was 
evaporated under vacuum, leading to a free-flowing powder. The use of 
PVP was proven to be essential to prevent the almost complete 
agglomeration of black palladium (Fig. S-102), and thus to guarantee 

both the stability and recyclability of the resulting heterogeneous cat
alysts (Tables S-10–S-12).

The Scanning Electron Microscopy (FESEM) analyses of the as- 
prepared catalytic system, and especially its TEM micrographs (Fig. S- 
91), reveal a quite homogeneous distribution of spherical nanoparticles 
along the clay structure. As it can be seen in the TEM analysis from 
Fig. 1, the sizes range of the supported Pd NPs was quite large (from 1 to 
17 nm), with a mean size of 4.7 ± 3.6 nm. Powder X-Ray Diffraction 
(PXRD) analysis of the solid catalyst shows the main crystallographic 
diffraction planes of crystalline palladium, fitting the experimental data 
to a face centered cubic structure for the Pd nanoparticles. When 
comparing elemental and ICP-AES analyses, both techniques showed a 
consistent palladium content. Finally, the specific surface area (301.9 
m2 g− 1) and related parameters (pore volume of 0.264 cm3 g− 1 and pore 
diameter of 3.50 nm) determined by N2 adsorption by applying the BET 
theory to the heterogeneous catalyst (Table S-4) are similar to those of 
the laponite® support (Table S-3).

2.2. First step: C–C coupling reaction

The supported Pd nanoparticle catalytic systems described before 
were first used in several benchmark C–C Heck-Mizoroki coupling re
actions, in the presence of triethylamine as a base (Scheme 1). These Pd- 
catalyzed reactions yielded excellent conversions and selectivities to 
higher-value products such as n-butyl cinnamate (1) and different (E)- 
stilbenes (2–4).

Then, the PVP-Pd NPs/laponite® catalytic system was applied to the 
synthesis of resveratrol, used as both anti-inflammatory drug and anti
fungal additive. First, one of the products described in Scheme 1, (E)- 
1,3-dimethoxy-5-(4-methoxystyryl)benzene (5), is a direct precursor of 
resveratrol that was obtained by coupling 1-iodo-3,5-dimethoxybenzene 
and 4-methoxystyrene. Deprotection of the three methoxy groups of 5 
(see the Supplementary Information for additional details) led to 
resveratrol with an isolated yield of 92%.

Given the practical interest of this reaction, we studied the recovery 
of the catalyst in the synthesis of 5, results are gathered in Table S-2. In 
this case, the catalytic system was recovered and reused up to 10 reac
tion cycles without any sign of catalytic deactivation (observing quan
titative conversions and isolated yields of 89–99%). This represents an 
accumulated TON value of 952 for the synthesis of the resveratrol 
precursor.

It is interesting to highlight the notable stability (under air and 
versus Pd agglomeration) and recyclability of the catalytic system PVP- 
Pd NPs/laponite®. For example, in the case of the benchmark coupling 
reaction for the synthesis of n-butyl cinnamate (1), over 50 reaction 
cycles were promoted without any catalytic deactivation, which makes 
it easy to achieve outstanding catalytic productivity values, such as an 
accumulated TON greater than 5000.

2.3. Second step: hydrogenation reaction and tandem hydrogenation 
processes

Secondly, the designed catalytic systems based on PVP-Pd NPs/ 
laponite® were applied, for the first time, in the catalytic hydrogenation 
of different interesting compounds in the absence of any solvent. The 
experimental parameters were optimized for the benchmark catalytic 
hydrogenation of the substrates prepared previously by Heck-Mizoroki 
coupling reactions, namely (E)-butyl cinnamate (1) and (E)-stilbene 
(2) (Scheme 2).

The influence of the catalyst amount, hydrogen pressure, tempera
ture, and reaction time was studied. At the end of the reaction, the hy
drogenated product was extracted with an organic solvent and analyzed 
by gas chromatography, prior to the determination of substrate con
version and product yield.

Both (E)-butyl cinnamate (1) and a series of differently substituted 
(E)-stilbenes (2–5) were completely hydrogenated over the supported 
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palladium (1 mol%) catalyst using 1 bar of H2, in the absence of any 
additional solvent (Table 1). Moreover, in the case of (E)-butyl cinna
mate (1), quantitative conversion of the olefin to n-butyl 3-phenylpropa
noate was achieved in less than 10 min at 80 ◦C, which means a TOF of 
558 h− 1.

It is interesting to note that, in spite of the fact that the hydrogena
tion of the double bond in (E)-stilbenes (2–5) is more difficult than in the 
case of more activated (E)-butyl cinnamate (1), quantitative results were 
obtained in both cases under similar reaction conditions, although in 
slightly longer reaction times (from 15 to 30 min, see Table 1, entries 

2–4). The hydrogenation of stilbenes presenting substitution with both 
electron donor groups (such as the methoxy substituent in 3 and 5) and 
electron withdrawing groups (such as the chlorine in 4) was achieved 
under similar conditions. Moreover, the ester group in substrate 1 was 
not reduced under these hydrogenation conditions, leading to the se
lective hydrogenation of conjugated olefins.

Once the reaction conditions were optimized, the PVP-Pd NPs/ 
laponite® systems were applied to promote the hydrogenation of a scope 
of substrates (Table 1). All of the substrates studied were completely 
hydrogenated in less than 45 min.

Fig. 1. TEM micrograph and size distribution of PVP-Pd NPs/laponite® system.

Scheme 1. Isolated yields and catalytic parameters (TON and TOF in h− 1) in Heck-Mizoroki coupling reactions catalyzed by the PVP-Pd NPs/laponite® system.
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As shown in Table 1, the catalytic system was also tested in the hy
drogenation of different substrates. 2-Vinylpyridine (6) was converted 
to 2-ethylpyridine (6H), without observing any poisoning effect of 
pyridine. Also, a poorly-activated trisubstituted alkene, namely 1- 
phenyl-1-cyclohexene (7) was quantitatively hydrogenated to 1- 

cyclohexylbenzene (7H), a cyclic diene such as cis,cis-1,3-cyclo
octadiene (8) to cyclooctane (8H), and, finally, the nitro group of 
nitrobenzene (9) to the amine in aniline (9H). In all cases, the conver
sion was complete, with high isolated yields of the desired products. 
Thus, the designed catalyst allows for the selective hydrogenation of 

Scheme 2. Hydrogenation reactions of (E)-butyl cinnamate and (E)-stilbene catalyzed by the PVP-Pd NPs/laponite® system.

Table 1 
Substrates scope in hydrogenation reactions catalyzed by PVP-Pd NPs/laponite®.

Entry a Substrate Product Time 
(min)

Conv. 
(%) b

Isolated yield (%)b TOF (h− 1)

1 10 100c 93 558

2 15 100c 94 376

3 30 100 94 188

4 30 100 96 192

5 45 100 91 121

6 40 100 79 119

7 20 100 91 273

8 30 100 84 168

9 30 100 87 174

a Reaction conditions: The substrate (0.3 mmol) was adsorbed onto the solid PVP-Pd NPs/laponite® (1 mol% Pd) in an autoclave vessel. Then, the vessel was placed 
under vacuum prior to its filling with H2 (1 bar), sealed, and heated at 100 ◦C. Reaction crudes were extracted using n-hexane. b Conversion and selectivity were 
determined by GC and 1H NMR. c Hydrogenation of n-butyl cinnamate and (E)-stilbene were completed at 80 ◦C.
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mono-, di-, and trisubstituted olefins, together with conjugated double 
bonds, and specific functional groups such as nitro ones.

As can be seen in the error bar experiments summarized in Fig. S- 
101, the reproducibility in the results presented for the different re
actions studied in this work (by 5 times) is ensured (≤±1% for hydro
genations and ±2–3% for coupling and one-pot reactions).

In general, catalysts are recovered and reused for the hydrogenation 
of the same substrate. However, electronic properties of different sub
strates can affect the catalyst recyclability, therefore, we decided to 
evaluate the catalytic activity of the reused PVP-Pd NPs/laponite® 
system by consecutively hydrogenating a series of eight different sub
strates. The chosen approach in this case was a one-pot process, which 
means that no purification of the reaction product was necessary prior to 
carrying out the following hydrogenation. Then, after each reaction, the 
catalyst was washed, dried, and reused in consecutive hydrogenation 
reactions (Table 2). In all cases (for each substrate), results were similar 
to those obtained with the fresh catalyst (see Table 1).

As shown in Table 2, the recovered catalytic system was able to 
hydrogenate all different substrates without any loss of catalytic activ
ity. Then, the PVP-Pd NPs/laponite® catalyst recovered after promoting 
8 catalytic cycles was characterized by electron microscopy. FESEM 
microscopy reveals a noticeable decrease of the size of clay particles 
after the last reaction cycle, due to the delamination of the support 
during catalysis (Fig. 2a). On the other hand, the TEM micrographs show 
a high number of palladium nanoparticles that maintain an average size 
similar to those of the original solid catalyst (Fig. 2b). This indicates that 
the mean nanoparticle size is maintained during hydrogenation re
actions, suggesting a heterogeneous hydrogenation mechanism without 
major surface modifications [18]. Moreover, the elemental analysis of 
the used solid provided a constant Pd content, which, together with the 
ICP analyses of the extraction supernatants, revealed that palladium was 
not significantly leached during hydrogenation reactions (Table S-9).

2.4. Pd-catalyzed one-pot and sequential reactions and mechanistic 
insights

Given the high efficiency and recoverability of the PVP-Pd NPs/ 
laponite® system for both coupling and hydrogenation reactions, we 
proposed to test the use of these heterogeneous catalysts to consecu
tively promote coupled reactions based on Mizoroki-Heck plus hydro
genation. However, the same catalyst is able to promote coupling and 
hydrogenation of the alkenes used as reagents, so both processes cannot 
be simultaneously performed. Thus, we carried out a one-pot stepwise 
approach without purification of any intermediate (Scheme 3). After 
coupling iodobenzene with either n-butyl acrylate or (E)-styrene under 
the optimized conditions, the resulting coupled aryl alkenes were hy
drogenated with H2 (1 bar) at 80 ◦C, and the final reaction products were 
extracted and analyzed as previously described.

As it can be seen in Table 3, the designed catalytic system was 
capable of completely promoting the Heck-Mizoroki coupling plus hy
drogenation coupled reactions, providing 90% of overall isolated yield 
for substrates 1 and 2 (entries 1 and 4). Both multi-step approaches are 
possible with similar results, i.e. the direct one-pot stepwise process 
without purification of the Heck-Mizoroki product and the sequential 
process consisting of two consecutive reaction steps with isolation and 
purification of the first reaction product. However, upon recovery of the 
catalyst it can be seen that, although the catalyst is still active for pro
moting any coupling reaction after the hydrogenation step (with similar 
isolated yields, entries 2, 3, 5, and 6), it is deactivated for further 

hydrogenation reactions.
The TEM analysis of the solid catalyst after the one-pot reaction 

shows the presence of a number of palladium nanoparticles with a 
dispersion of sizes similar to the fresh catalyst (Fig. 3b). Moreover, the 
ICP-OES analysis of both the used catalytic systems and the extraction 
supernatants indicate low leaching of palladium during the catalysis 
(<0.5% per one-pot cycle, mostly coming from the coupling reaction as 
seen above, see Tables S-8 and S-9). Both results seem to justify the high 
activity of the recovered catalyst in subsequent coupling reactions.

On the other hand, it is interesting to note that triethylammonium 
iodide salt, the concomitant byproduct of the Mizoroki-Heck coupling 
reaction, is accumulated after each cycle over the laponite® surface and 
thus could poison the catalyst after reuse [6,10]. In spite of identifying 
the presence of this salt in the FESEM micrographs, as an organic layer 
covering the clay, and in the EDX analyses (Fig. 3a and c), no catalyst 
deactivation was observed after catalyzing several coupling reactions. 
However, it can be speculated that this organic salt could block the 
access of hydrogen to the catalyst surface, thus preventing the catalyst to 

Table 2 
Catalyst recovery study of the PVP-Pd NPs/laponite® system in the consecutive 
one-pot hydrogenation of different substrates.

Entry 
a

Cycle Substrate Conv. 
(%) b

Isolated 
yield (%) b

TOF 
(h− 1)

1 1 1 100 93 558

2 2 2 100 94 188

3 3 3 100 94 188

4 4 4 100 96 192

5 5 6 100 79 119

6 6 7 100 91 273

7 7 8 100 84 168

8 8 9 100 87 174

a Reaction conditions: The substrate (0.3 mmol) was adsorbed onto PVP-Pd NPs/ 
laponite® (1 mol% Pd) in an autoclave vessel. Then, the vessel was placed under 
vacuum prior to its filling with H2 (1 bar), sealed, and heated at 80/100 ◦C for 
the corresponding time. The system was dried between each cycle. b Conversion 
and selectivity were determined by 1H NMR.
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catalyze further hydrogenation reactions. To prove this, we eliminated 
Et3NHI by calcination in order to evaluate its effect in the catalyst 
recoverability. Nevertheless, as can be seen in Entry 7 (Table 3, and in 
the TEM micrographs in Fig. 4), the calcined solid catalyst recovered the 
activity for the coupling reaction —providing even 95% of isolated 
yield—, but it was still inactive in hydrogenation.

To sum up, the catalyst used in the hydrogenation of (E)-butyl cin
namate (1) is still active in both reactions (coupling and hydrogenation), 
however the catalyst recovered after the coupling reaction losses the 
activity for hydrogenation, and the formation of triethylammonium io
dide does not seem to be responsible for this deactivation.

A plausible explanation for this phenomenon of directional deacti
vation of the tandem catalyst, only for one of the two studied reactions, 
relies on their different mechanism. Whereas the Heck-Mizoroki 
coupling reaction requires the initial formation of Pd(II) active spe
cies, hydrogenation reactions are catalyzed by a surface of metallic Pd 
(0) [24]. Therefore, the progressive formation of Pd(II) over the surface 

Fig. 2. (a) FESEM and (b) TEM micrographs of the PVP-Pd NPs/laponite® system after 8 cycles of hydrogenation (see Table 2). Magnifications: (650, 5000×, 
20,000×, 50,000×).

Scheme 3. Heck-Mizoroki C–C coupling plus hydrogenation one-pot reactions catalyzed by the PVP-Pd NPs/laponite® system.

Table 3 
Tandem reaction results and catalyst recoverability.

Entry 
a

Substrate Cycle Step 1 
conv. 
(%) b

Step 2 
conv. 
(%) b

Isolated 
yield (%) b

TON(s1)/ 
TON(s2)

1 1 1 100 100 91 93/91
2 1 2 100 0 89 89/0

3 1 3 100 0 90 90/0

4 2 1 100 89 87 94/87
5 2 2 100 0 85 85/0
6 2 3 100 0 93 93/0
7c 2 4 100 0 95 95/0

a Reaction conditions: First step: 1 mol% Pd, 100 ◦C, 3–8 h, NEt3. Second step: 1 
mol% Pd, H2 (1 bar), 80 ◦C, 10-15 min. b Conversion and selectivity were 
determined by GC and 1H NMR. c Catalyst calcination before reuse.
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of the nanoparticles, as a result of their catalytic activity, would trigger 
the deactivation of the catalyst for subsequent hydrogenations —by 
decreasing the exposed Pd(0) active surface—, but not for subsequent 
coupling reactions —which would be even more activated—. This 
entirely agrees with the experimental results gathered in Table 3. In fact, 
the results obtained, even in the first reaction, are worse (Table 3, entry 
4) than those obtained when the fresh PVP-Pd NPs/laponite® system is 
used for hydrogenation.

This hypothesis was finally fully confirmed by high-resolution X-ray 
Photoelectronic Spectroscopy (XPS) analyses of the catalytic systems 
before and during catalysis. This technique allowed for the character
ization of the chemical composition of the Pd nanoparticles surface, 
which is the catalytic active surface. As detailed in the Experimental 
Section, different experiments at different speeds (X-ray exposure times) 
and spectrum regions were carried out in duplicate, in order to avoid 
possible in situ reduction of palladium during analysis.

Unfortunately, the first XPS analyses revealed that the fundamental 
Pd 3d region was masked by magnesium from the laponite® clay sup
port. Therefore, a new catalytic system was prepared by supporting the 
PVP-Pd NPs over silica instead of laponite®. This PVP-Pd NPs/silica 

system was tested in a one-pot process consisting on the Heck-Mizoroki 
reaction to n-butyl cinnamate (1) and its subsequent hydrogenation, 
observing identical catalytic results and deactivation behavior in the 
case of silica as the results described in Table 3 for laponite®. In this 
case, XPS spectra for the Pd(0) region were successfully acquired at high 
resolution for the supported catalytic system before and after catalyzing 
the tandem process (Fig. 5, below and up, respectively).

The high resolution XPS spectrum shows —see Fig. 5 in red colour—, 
for the case of the freshly prepared catalyst (before using it in catalysis), 
two different Pd species, with Pd 3d5/2 at around 335 eV and 336.5 eV, 
which are compatible with bulk Pd(0) and with Pd(II) in Pd(0), 
respectively.[51] In other words, the reducing agent used —ethanol—, 
which was chosen for its affordability, bio-sourced origin, and, above all, 
its greater safety compared to other reductants, is not capable of 
completely reducing all of the Pd(II) present in the precursor to Pd(0) 
during the synthesis of the Pd NPs; thus, a significant proportion of Pd 
(II) remains in the freshly prepared NPs. This initial presence of Pd(II) 
does not limit the resulting catalytic activity at all, rather, in our case it 
has been shown to be effective in minimizing the preliminary NPs 
activation for coupling reactions. Furthermore, the ratio of Pd(II) to Pd 
(0) in the NPs does not seem to change over time, which demonstrates 
the catalyst’s stability.

In the case of the catalysts analyzed after catalyzing the tandem 
process —see Fig. 5 in green colour—, the Pd 3d region reveals one 
single palladium species, with Pd 3d5/2 at around 336.5 eV. These ex
periments allowed to confirm that the fresh catalyst mainly presents a 
zero-valent palladium surface, while the used catalyst surface is exclu
sively composed of Pd(II), therefore inactive for further hydrogenation 
reactions. Pd(I) species were not identified in any of the XPS experi
ments conducted.

All of these analyses confirm the formation of Pd(II) on the surface of 
the catalyst only during coupling reactions, thus these palladium 
nanoparticles recovered by Pd(II) are active for further C–C coupling 
reactions but not for further hydrogenations. More importantly, these 
results are in clear agreement with the proposed release-and-capture 

Fig. 3. (a) FESEM images (Magnifications: 650, 5000×, 20,000×), (b) TEM 
micrographs (Magnification: 50,000×), and c) EDX spectrum of the PVP-Pd 
NPs/laponite® system after catalyzing the Heck-Mizoroki/hydrogenation 
coupled process.

Fig. 4. TEM micrographs of the regenerated PVP-Pd NPs/laponite® system by 
calcination after catalyzing the coupled process. Magnification: (20,000×).

Fig. 5. High Resolution XPS spectrum of supported PVP-Pd NPs at solid state 
for Pd(0) 3d3/2 region before (below, in red) and after catalyzing the tandem 
process (up, in green). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)
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mechanism for the Pd-catalyzed coupling reactions [52,53].
Anyway, after the mechanistic comprehension of the selective 

deactivation of our catalytic systems towards hydrogenation, in order to 
reach a further confirmation and, above all, prove that this is not a 
limitation to the practical use of our systems, we addressed the regen
eration of the zero-valent palladium surface. The used catalytic systems 
—exhibiting Pd(II) surface in the nanoparticles— were treated with 
simply ethanol under the same conditions required for the synthesis of 
fresh Pd NPs, i.e. stirring the system by heating at 100 ◦C for 3 h. After 
this straightforward treatment, the Pd(0) surface was restored to its 
original state, showing these catalysts quantitative conversions in the 
hydrogenation of the unsaturated substrates. These as-regenerated sys
tems can be reused for several hydrogenation cycles while preserving 
their catalytic activity, and even be easily regenerated after catalyzing 
subsequent coupling reactions.

Finally, supplementary experiments were carried out in selected 
conventional solvents to compare the catalyst performance with the 
solventless system. In the case of using toluene as the reaction medium, 
the PVP-Pd NPs/laponite® catalyst was 3 times less active in the 
coupling reaction (10 h− 1 vs. 31 h− 1 under solvent-free conditions), just 
achieving 33% conversion of the Heck-Mizoroki substrate (Table S-5). In 
the case of using ethanol, the catalyst presented similar reactivity than 
using toluene (42% conversion), but in this case with minimal selectivity 
towards the desired product (2 h− 1). In other words, not only is the 
catalytic activity reduced when a solvent is used, but in the case of 
ethanol, iodobenzene is largely hydrodehalogenated to benzene (as 
identified by GC). Moreover, the Pd leaching determined by ICP-OES in 
the case of toluene, over 0.5%, is slightly higher than that of the sol
ventless system, whereas in the case of ethanol it is twice as much (ca. 
1%).

Furthermore, the hydrogenation of the coupling substrate was no 
possible using both conventional solvents (0% conversion, Table S-6), 
which demonstrates in this case the impossibility of combining both 
reactions in a one-pot stepwise approach using conventional solvents, 
unlike the active solvent-free PVP-Pd NPs/laponite® system.

2.5. Coupled processes for the production of higher-value chemicals

The catalytic PVP-Pd NPs/laponite® system was then applied to the 
synthesis of a higher-added value chemical, nabumetone, as a proof of 
concept of its applicability in real coupled processes. Nabumetone (4-(6- 
methoxynaphtalen-2-yl)butan-2-one) is a non-steroidal anti-inflamma
tory drug applied in the management of arthritis and rheumatoid dis
eases to reduce pain and inflammation [54].

In particular, nabumetone was selectively synthesized by a Pd- 
catalyzed coupled process consisting on a Heck-Mizoroki coupling fol
lowed by hydrogenation (Scheme 4). The use of the catalytic system 
designed in this work allowed the one-pot preparation of this pharma
ceutical product with 91% isolated yield. This means that the system is 
able to promote both coupling plus hydrogenation, remaining after
wards active for coupling reactions but not for hydrogenations, unless 
being straightforwardly regenerated as described above.

Interestingly, when the synthesis of nabumetone was carried out in a 
consecutive approach —that implies two sequential reaction steps with 

isolation of the intermediate between both steps—, the isolated yield 
only decreased up to 89% (see spectra in section S-3.12).

Secondly, we decided to extend the scope of coupled processes using 
our catalytic system. Therefore, the designed catalyst was applied to the 
scalable synthesis of bibenzyl (1,2-diphenylethane) and (Z)-stilbene 
(1,2-diphenylethene) through a Heck-Cassar-Sonogashira coupling plus 
hydrogenation one-pot stepwise process (Scheme 5). These molecules 
are produced in large amounts for the synthesis of flame-retardant 
polymers and antitumor molecules, in the first case, and in the 
manufacturing of dyes and laser devices, in the second case.

When coupling the Heck-Cassar-Sonogashira (copper-free) reaction, 
instead of the Heck-Mizoroki coupling, with hydrogenation reactions, 
the PVP-Pd NPs/laponite® system achieved total conversion of the 
corresponding substrates in both reaction steps. In this case, the 
coupling step required a longer reaction time for the selective prepara
tion of the desired product, namely diphenylacetylene. Then, complete 
hydrogenation of the alkyne to the corresponding alkane (bibenzyl, 
Scheme 5 up) was achieved in less than 10 s under mild reaction con
ditions (80 ◦C, 1 bar), providing a TOF value for the catalyst of ca. 
35,000 h− 1.

The catalytic system resulting after catalyzing a coupling plus hy
drogenation cycle was reused to promote a second Heck-Cassar- 
Sonogashira reaction. As a result, diphenylacetylene was quantita
tively obtained. Surprisingly, this partially-deactivated system was then 
able to carry out the one-pot semihydrogenation of the alkyne to the 
alkene (the uncommon (Z)-stilbene) with 100% of alkyne conversion 
and 55% of chemoselectivity. In this case, the reaction selectivity is 
compromised by the complete hydrogenation towards 1,2-diphenyl
ethane. Therefore, fine control of hydrogenation time is essential to 
obtain the desired product.

3. Experimental section

All reagents and deuterated solvents were purchased as reagent 
grade from commercial sources (Sigma-Aldrich). Ethanol (99.8%) was 
purchased from Scharlab. Laponite® RD was obtained from Rockwood 
Clay Additives GmbH. Silica was purchased from Merck. All manipula
tions were carried out by using Schlenk techniques under inert atmo
sphere, unless otherwise stated. Pressure reactions were performed in a 
Top Industrie Autoclave. Conversions and product yields were deter
mined by Gas Chromatography using Hewlett-Packard 7890 and 6890 
Series II chromatographs equipped with a flame ionization detector. All 
GC details can be found in the Supplementary Information. Reaction 
products were characterized by NMR using a Bruker Advance 400 MHz 
spectrometer. Full characterization of all coupling and hydrogenation 
products is gathered in the Supplementary Information.

3.1. Preparation and characterization of the catalytic systems

A 2 mM H2PdCl4 solution was prepared by mixing 35.4 mg of the 
palladium precursor, PdCl2 (0.2 mmol), 2 mL of 0.2 M HCl, and 98 mL of 
distilled water. This 2 mM H2PdCl4 solution (100 mL) was then mixed in 
a 500 mL round-bottom flask with 140 mL of distilled water, 94 mL of 
ethanol, and 444.6 mg of poly-N-vinylpyrrolidone (PVP, 10,000 g 

Scheme 4. Synthesis of drug Nabumetone by a Heck-Mizoroki plus hydrogenation coupled process catalyzed by the PVP-Pd NPs/laponite® system.
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mol− 1), stirring under reflux and inert atmosphere for 3 h. The resulting 
black dispersion was evaporated at reduced pressure, and washed with 
absolute ethanol. Finally, the remaining black solid was dissolved in 66 
mL of ethanol to form the stable black colloidal solution of PVP-Pd NPs 
(3 mM) in ethanol. For the preparation of the catalytic systems con
sisting on PVP-Pd NPs supported over clay, 1 mL of colloidal solution of 
PVP-Pd NPs (3 mM) in ethanol, 1 g of laponite® clay, and 6 mL of 
dichloromethane were mixed and magnetically stirred in a 22 mL 
Schlenk flask for 20 min. Then, both solvents were fully removed under 
vacuum, resulting a grey solid powder that was kept under inert 
atmosphere.

Field Emission FESEM micrographs were obtained from a Carl Zeiss 
MERLINTM microscope. TEM microscopy analyses were carried out in a 
JEOL-2000 FXII microscope. X-ray difraction analysis was carried out 
using an Empyrean diffractometer from PAN analytical (Laboratory of 
Advanced Microscopy, University of Zaragoza), using X-ray emitted by a 
copper anode —α wavelength (Cu Kα1, Kα2) = 1.540598 Å and 
1.544426 Å—, under a voltage of 45 kV. The BET specific surface was 
determined by nitrogen physisorption determination at –196 ◦C using a 
Micrometrics ASAP 2010 instrument. Pd surface composition was 
determined by XPS measurements by means of a Kratos AXIS Supra 
photoelectron spectrometer (Laboratory of Advanced Microscopy, Uni
versity of Zaragoza) equipped with a monochromated AlKα radiation 
source (hν = 1486.6 eV) and a 280 W electron beam power. The emis
sion of photoelectrons from the sample was analyzed at a takeoff angle 
of 45◦ under ultra-high vacuum (≤10–9 mbar). To identify possible in 
situ Pd reduction effects during analysis, rapid measurements of the 
region Pd 3d were initially performed prior to slower analysis in other 
regions. Binding energies were calibrated against the C 1s (C–C) energy 
at 284.8 eV, and the element peak intensities were corrected by Scofield 
factors. The spectra were fitted using Casa XPS 2.1.0.1 version software 
(Casa Software Ltd, U.K.). Palladium was determined in the catalytic 
systems and in the extraction supernatants by ICP-OES analyses using a 
Thermo Scientific i CAP PRO XP Duo spectrometer from the Servicio de 
Análisis Químico of the University of Zaragoza.

3.2. First step: C–C coupling reaction

The catalytic system (1 mol% Pd) was placed into a 22 mL Schlenk 
flask. Then, a mixture of 0.3 mmol of iodobenzene (or 1-iodo-3,5-dime
thoxybenzene in the case of resveratrol), 0.5 mmol of the corresponding 
olefin, and 0.75 mmol of triethylamine was deposited and adsorbed onto 
the solid catalyst. The Schlenk flask was sealed with inert atmosphere 
and heated at 100 ◦C using an oil bath. Reaction time varied from 3 h to 
24 h, depending on the used alkene. After this time, the reaction product 
was recovered by extraction with n-hexane at 65 ◦C using vigorous 

stirring and periods of 15 min between each extraction (1 × 10 mL and 3 
× 5 mL). Quantification was carried out by gas chromatography using n- 
decane as an external standard and by 1H NMR after filtration and 
evaporation. Purification of the products was carried out by silica col
umn chromatography. The solid catalyst was dried in the Schlenk flask 
under reduced pressure to be ready to be reused in further cycles.

3.3. Second step: hydrogenation reaction

The catalytic system (1% mol Pd) was placed into a 20 mL autoclave 
vessel and 0.3 mmol of the corresponding unsaturated substrate was 
adsorbed on it. Then, the air was removed and the system was pres
surized with 1 bar of H2, sealed under inert atmosphere, and finally 
heated at 80–100 ◦C and stirred for 10–45 min. After this time, the 
system was cooled down and the reaction product was recovered by 
extraction at 65 ◦C (2 × 10 mL and 2 × 5 mL). Quantification was carried 
out by gas chromatography using n-decane as an external standard and 
by 1H NMR after filtration and evaporation. The solid catalyst was dried 
under reduced pressure to be reused in further reaction cycles.

3.4. One-pot reactions general procedure

The catalytic system (1 mol% Pd) was placed into a 20 mL autoclave 
vessel. Then, the reaction mixture (0.3 mmol of iodobenzene, 0.5 mmol 
of olefin, and 0.75 mmol of triethylamine) was added to be adsorbed 
onto the solid catalyst. The system was sealed under inert atmosphere 
and heated at 100 ◦C using an oil bath for 3–20 h. After this time, the 
system was cooled down and the argon was removed under reduced 
pressure prior to its pressurization with 1 bar of H2. Then, the vessel was 
heated at 80–100 ◦C until total conversion. Finally, the system was 
cooled down and the reaction product was recovered by extraction with 
n-hexane at 65 ◦C (2 × 10 mL and 2 × 5 mL). Quantification was carried 
out by gas chromatography using n-decane as the standard and by 1H 
NMR (after filtration and evaporation). The solid catalyst was dried 
under vacuum prior to be ready for reuse.

3.5. One-pot synthesis of nabumetone

The above designed catalytic system (1 mol% Pd) was placed into a 
20 mL autoclave vessel, together with the reaction mixture (0.3 mmol of 
2-iodo-6-methoxynaphtalene, 2.01 mmol of but-3-en-2-one, and 2.17 
mmol of triethylamine). Then, this system was sealed under inert at
mosphere and kept at 100 ◦C for 24 h. After this time, the vessel was 
cooled down to room temperature and put under reduced pressure prior 
to its pressurization with 1 bar of H2. The system was heated at 100 ◦C 
for 20 h. Finally, the system was cooled down to room temperature and 

Scheme 5. Heck-Cassar-Sonogashira coupling/hydrogenation coupled process catalyzed by the PVP-Pd NPs/laponite® system.
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the final reaction product (nabumetone) was recovered by extraction 
with dichloromethane (2 × 10 mL and 2 × 5 mL). Quantification (91% 
isolated yield) was carried out by 1H NMR after elimination of the 
extraction solvent under reduced pressure and purification by Combi
flash® silica gel column chromatography (hexane-DCM 95:5 with 
elution gradient to 0:100).

3.6. Heck-Cassar-Sonogashira coupling/hydrogenation coupled process

The catalytic system (1 mol% Pd) was placed into a 20 mL autoclave 
vessel, together with the reaction mixture (0.3 mmol of iodobenzene, 
0.3 mmol of phenylacetylene, and 0.75 mmol of triethylamine). After
wards, the autoclave vessel was sealed under inert atmosphere, kept at 
100 ◦C for 30 h, cooled down to room temperature, and repressurized 
with 1 bar of H2. The system was then heated at 80 ◦C for 10 sec, and 
finally cooled down to carry out the product (bibenzyl) extraction with 
n-hexane (2 × 10 mL and 2 × 5 mL). Quantification (88% isolated yield) 
was carried out by 1H NMR after elimination of solvents under reduced 
pressure and purification by silica gel column chromatography (hexane- 
DCM).

4. Conclusions

In this work, we present an active, selective, recoverable, and 
regenerable catalytic system based on Pd nanoparticles supported over 
affordable clay laponite® to promote one-pot stepwise and consecutive 
reactions with, a priori, incompatible mechanisms, under solvent-less 
conditions. The designer solid catalyst is able to catalyze over 50 reac
tion cycles of the Heck-Mizoroki coupling between iodobenzene and 
differently-substituted acrylates and styrenes, as well as the Heck- 
Cassar-Sonogashira reaction of iodobenzene with phenylacetylene, the 
hydrogenation of a large scope of olefins and alkynes within short time 
(up to 10 s) under mild conditions, and all their coupled combinations 
(consecutive one-pot hydrogenations). As proof-of-concepts of the 
catalyst applicability, the synthesis of commercial drugs resveratrol and 
nabumetone was achieved using the PVP-Pd NPs/laponite® systems, 
with isolated yields over 90%.

After catalyzing a coupled coupling reaction plus hydrogenation 
process, the designer catalytic system is still able to perform multiple 
further coupling reactions without apparent deactivation. The formation 
of triethylammonium iodide salt has been proven to have scarce influ
ence on the catalyst recoverability, in any case it can be eliminated by 
calcination. Interestingly, we discovered that the afore described used 
catalytic system is not able to catalyze hydrogenation reactions, due to 
the oxidation of the Pd NP surface from Pd(0) to Pd(II), unless a 
reversible and straightforward regeneration of the catalyst with ethanol 
as a reductant is carried out. This deactivation behavior, only towards 
hydrogenation, after catalyzing coupling reactions, allowed us to 
confirm by high resolution XPS analyses the “release and capture” 
mechanism for the coupling reactions catalyzed by Pd NPs, while hy
drogenation requires a zero-valent palladium surface to occur.
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