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Abstract: Heterogeneous Pd-containing nanocatalysts, based on poly (propylene imine)
dendrimers immobilized in silica pores and networks, obtained by co-hydrolysis in situ,
have been synthesized and examined in the hydrogenation of various unsaturated
compounds. The catalyst activity and selectivity were found to strongly depend on the
carrier structure as well as on the substrate electron and geometric features. Thus,
mesoporous catalyst, synthesized in presence of both polymeric template and
tetraethoxysilane, revealed the maximum activity in the hydrogenation of various
styrenes, including bulky and rigid stilbene and its isomers, reaching TOF values of
about 230000 h-1. Other mesoporous catalyst, synthesized in the presence of
polymeric template, but without addition of Si(OEt)4, provided the trans-cyclooctene
formation with the selectivity of 90–95%, appearing as similar to homogeneous and
dendrimer-based catalysts. Microporous catalyst, obtained only on the presence of
Si(OEt)4, while dendrimer molecules acting as both anchored ligands and template,
demonstrated the maximum activity in the hydrogenation of terminal linear alkynes and
conjugated dienes, reaching TOF values up to 400000 h-1. Herein the total selectivity
on alkene in the case of terminal alkynes and conjugated dienes reached 95–99%
even at hydrogen pressure of 30 atm. The catalysts synthesized can be easily isolated
from reaction products and recycled without significant loss of activity.

Author Comments: We are sending the manuscript entitled “Dendrimer-Encapsulated Pd Nanoparticles,
Immobilized in Silica Pores, as Catalyts for Selective Hydrogenation of Unsaturated
Compounds” by E. Karakhanov, A. Maximov, A. Zolotukhina, A. Mamedli, A. Ivanov,
which we are submitting to for publication as a full paper in the “ChemistryOpen”. In
this paper the synthesis and catalytic behavior of new Pd-containing porous hybrid
dendrimer-based materials in the hydrogenation of various unsaturated compounds is
discussed. The synthesis of the carriers was carried out by co-hydrolysis of silane-
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modified poly(propylene imine) (PPI) dendrimers in the presence of Si(OEt)4 and/or
polymeric template. Thus three catalysts were synthesized: with mesoporous silica
matrix (both Si(OEt)4 and polymeric template were added) – G2-dendr-meso-SiO2-Pd;
with microporous silica matrix (only Si(OEt)4 was added, and dendrimers appeared as
template) – G2-dendr-SiO2-Pd; and mesoporous without addition of Si(OEt)4 – G2-
dendr-meso-Si-Pd. It was established, that the synthesis conditions and, as a
consequence, the carrier structure had a crucial influence on the catalyst activity and
selectivity. These hybrid organo-silica dendrimer-based catalysts can be reused
several times without significant loss of activity.
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Full Paper 

Dendrimer-Encapsulated Pd Nanoparticles, Immobilized in Silica Pores, 
as Catalyts for Selective Hydrogenation of Unsaturated Compounds  

Edward A. Karakanov[a], Anna V. Zolotukhina[a,b], Andrey O. Ivanov[b] and Anton L. Maximov[a,b]* 

Heterogeneous Pd-containing nanocatalysts, based on poly 
(propylene imine) dendrimers immobilized in silica pores and 
networks, obtained by co-hydrolysis in situ, have been 
synthesized and examined in the hydrogenation of various 
unsaturated compounds. The catalyst activity and selectivity 
were found to strongly depend on the carrier structure as well 
as on the substrate electron and geometric features. Thus, 
mesoporous catalyst, synthesized in presence of both 
polymeric template and tetraethoxysilane, revealed the 
maximum activity in the hydrogenation of various styrenes, 
including bulky and rigid stilbene and its isomers, reaching 
TOF values of about 230000 h-1. Other mesoporous catalyst, 
synthesized in the presence of polymeric template, but without 

addition of Si(OEt)4, provided the trans-cyclooctene 
formation with the selectivity of 90–95%, appearing as 
similar to homogeneous and dendrimer-based catalysts. 
Microporous catalyst, obtained only on the presence of 
Si(OEt)4, while dendrimer molecules acting as both 
anchored ligands and template, demonstrated the maximum 
activity in the hydrogenation of terminal linear alkynes and 
conjugated dienes, reaching TOF values up to 400000 h-1. 
Herein the total selectivity on alkene in the case of terminal 
alkynes and conjugated dienes reached 95–99% even at 
hydrogen pressure of 30 atm. The catalysts synthesized can 
be easily isolated from reaction products and recycled 
without significant loss of activity. 

Introduction

Systems based on metal nanoparticles are the most prospective 
catalysts for hydrogenation, oxidation and cross-coupling 
reactions[1]. They may be applied both as homogeneous and 
heterogeneous catalysts. In the last case metal nanoparticles 
are supported on the various inorganic carriers, such as 
mesoporous silica and zeolites[2], Al2O3

[3], carbon doped silica[4] 
and carbon materials (activated carbon[5], carbon nanofibers and 
nanotubes[6], polyaromatic frameworks[7]) to prevent particles 
agglomeration and subsequent catalyst deactivation. In 
homogeneous catalysts various donor organic ligands, both low-
molecular (amines[8], ionic liquids[1a, 8b–d, 9], phosphines[8b, 8d, 10]) 
and supramolecular ligands (poly-(N-vinyl pyrrolidone)[1a, 8b, 8d, 11], 
poly(ethylene glycol)[1a, 12], poly(ethylene imine)[11a, 13], calix-
arenes[14], cyclodextrines[15] and dendrimers[1a, 16]), are used to 
stabilize metal nanoparticles.  

Due to their physical and chemical properties, dendrimers, 
which are the spherically symmetrical globular macromolecules 
with branched regular structure[17], appeared as the most 
interesting for their application in catalysis. The primary merits of 
dendrimers are: 1) sorption of strictly defined metal quantity[17c]; 
2) control of solubility and substrate selectivity due to the 
dendrimer end group modification[17a, 18]; 3) recyclability due to 
the fractional precipitation of dendritic species from the 
solution[19]. 

For the first time dendrimers were suggested as structure-
forming agents for metal nanoparticles-based catalytic systems 
instead of block co-polymers[20] to prevent exchange by 
macromolecules and metal ions between micelles. Thus especial 
nanoreactors, in which metal nanoparticles were encapsulated 
within the dendrimer molecule, were proposed (Figure 1).[21]  
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Figure 1. Dendrimer-stabilized (left) and dendrimer-encapsulated 
nanoparticles (right).[21] 

This approach can be realized only under the following 
conditions[22]: 1) dendrimer peripheral groups must not be able to 
complex formation to prevent nanoparticle stabilization; 2) 
dendrimer end groups must be charged to provide repulsion 
between dendrimer molecules; 3) dendrimer generation must be 
high enough to enclose nanoparticle. In this connection is much 
more widespread is the dendrimer stabilization (Figure 1), that 
does not require especial synthesis conditions[23] and includes 
simple complex formation of dendrimers with the ions of metal 
sorbed, followed by reduction with sodium borohydride[17b]. 

Using this approach, metal nanoparticles of various size and 
nature, stabilized by carbosilane[24], poly(aryl ether)[19a,f-g], 
poly(amido amine) (PAMAM) or poly(propylene imine) (PPI) 
dendrimers with amino[25], hydroxyl[26], thiol[27] or carboxyl end 
groups[28] can be obtained. Dendrimer molecules here act as 
surfactants[29], adsorbed on the surface of growing nanoparticles, 
resulting in the larger size of the latters and wider particle size 
distribution in comparison with dendrimer-encapsulated 
nanoparticles.[21–22] 

The main disadvantage of such systems is the gradual metal 
leaching from stabilizing micelles, leading to catalyst 
deactivation.[19f-g] In this connection the promising may appear 
the heterogenisation of dendrimer-based catalysts, allowing to 
combine the advantages of both conventional homogeneous and 
heterogeneous catalysts, for that several approach were 
developed. 

The first one was cross-linking of amino-terminated 
poly(propylene imine) (PPI) and (poly)amidoamine (PAMAM) 
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dendrimers by various bifunctional agents (diepoxides, 
diisocyanates), followed by metal ions impregnation and 
subsequent reduction (Scheme 1).[30] The driving force for the 
metal adsorption here was the complex formation. Metal ions 
and nanoparticles were retained in the carrier due to large 
amount of donor coordination groups in the network and also by 
the multiple sterical hindrances, originated from the latter. 

Ru- and Rh containing catalysts, synthesized by this way, 
appeared as highly active catalysts for exhausting hydrogenation 
of aromatic compounds and phenols under two-phase 
conditions, maintaining their efficacy at recycling.[31] Analogously 

Pd nanoparticles, encapsulated into cross-linked networks of PPI 
and PAMAM dendrimers, proved themselves as highly active, 
selective and stable catalysts for semi-hydrogenation of phenyl 
acetylene and conjugated dienes.[32] It was demonstrated, that 
the nature and generation of dendrimer used, the nature, size 
and rigidity of cross-linking agent, as well as the synthesis 
conditions (temperature, solvent and the presence of polymeric 
template) had an essential influence on both physical chemical 
properties (particles size distribution, metal weight content, metal 
surface valency states etc.), activity and selectivity of the catalyst 
obtained.[31c, 32a] 

M+

1. Dendrimers (PPI, PAMAM) as templates for synthesis of 
nanoparticles and metal complex catalysts

2. Binding agents                           : their size and rigidity 
define the properties of the resulting product

[H]

 

Scheme 1. Approach to the synthesis of metal nanoparticles, encapsulated into the matrices of cross-linked PPI or PAMAM dendrimers.[30] 

 

Similar approach was also developed in the works.[33] Pd 
nanoparticles here were synthesized in situ, encapsulated in 
PAMAM dendrimers, co-polymerized with ethylene glycol 
diacrylate.[33a] Herein nanoparticles growth occurred 
simultaneously with the meshy polymeric matrix formation, and 
the pore size was limited by dendrimer diameter. Thus 
synthesized catalyst appeared as highly active in Suzuki-
Miyaura in water, giving a yield exceeding 90% within 2 hours, 
maintained during 8 cycles. In [33b] there was obtained an acid 
network-like naterial, based on PPI dendrimers, cross-linked with 
Sc(OTf)3. This catalyst revealed its activity in the reactions of 
Mukaiyama aldol addition, Friedel-Crafts acylation and Diels-
Alder coupling. 

The main drawback of such materials, namely synthesized 
with the use of diisocyanates as cross-linking agents, is the 
liability to metal-catalyzed hydrolysis under two-phase 
conditions, resulting in partial network destruction and, as a 
consequence, in particles agglomeration.[31a] 

The alternative approach for heterogenization of dendrimer-
based catalysts is grafting of dendrimers or dendrons on the 
surface of organic or inorganic insoluble carriers, such as SiO2 
(both amorphous and mesoporous)[34], cross-linked 
poly(styrene)[35], poly(thiophenes)[36], poly(vinylpyridines)[37] etc., 
by means of covalent or electrostatic interactions. Thus 
synthesized materials, impregnated with Pd, Ag, Au, Ru and Rh 
nanoparticles, proved their effectiveness in the selective 
hydrogenation of olefins[16, 34a], conjugated dienes[16, 34b], aromatic 
and heterocyclic compounds[16, 36b], cross-coupling[16, 35c 38], aldol 
condensation[35b], carbonylation[39] and oxidation reactions.[40] 
Also immobilized dendrimers and dendrons can be impregnated 
by metal nanoparticles, already stabilized by simple organic 
ligands, e.g. ionic liquids.[41] 

Multiwall carbon nanotubes (MWCNTs) were also proposed 
as prospective carriers for anchoring dendrimer-based catalysts. 
Herein, as in the case of polystyrene or silica[34–35], grafting the 
dendrons was performed by surface modification with amino 
groups followed by repeated Michael addition and subsequent 
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end group activation.[42] For this Pd-PAMAM-g-MWCNTs 
catalysts not typical positive dendritic effect was observed in 
Mizoraki-Heck cross-coupling reaction: the reaction rate 
increased with the increase of dendron generation, that 
authors[42] explained in terms of the enhanced stability due to 
sterical hindrances surrounding catalytic centers. 

These catalysts, based on the anchored dendrons, are 
stable at recycling and, as a rule, resistant to metal leaching.[34–

35, 42] Nonetheless, these materials are characterized by irregular 
dendrimer coating due to mutual sterical hindrances, arisen from 
bulky dendrons and resulting in irregular metal distribution 
through the carrier. To solve this problem, two different 
approaches were suggested.  
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Scheme 2. Immobilization on PPI dendrimers on the surface of silica polyamine composite.[43] 
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Scheme 3. The synthesis of hybrid G2-dendr-meso-SiO2 material.[46] 

 

The first one was the immobilization of ready dendrimers 
(not dendron grafting) on the silica polyamine composite via 
Mannich reaction (Scheme 2).[43] Herein anchoring the 
dendrimers was performed, considering the space, occupied 
by the latters on surface of the carrier. Impregnated with Pd 

and PdAg nanoparticles, this material was characterized by 
regular and narrow particle size distribution and proved its high 
efficacy and stability in selective hydrogenation of phenyl 
acetylene, linear alkynes and conjugated dienes.[43–44] Similar 
approach was earlier applied for ready poly(ether imine) 
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phosphine modified dendrimer, anchored to amorphous silica, 
preliminary functionalized with 3-chloropropylsilane.[45] 
Impregnated with Pd nanoparticles, this material was 
successfully applied in the hydrogenation of various alkenes. 

An alternative approach was the co-hydrolysis of Si(OEt)4 
with PPI dendrimers, modified with (3-glycidoxy)propyltri-
methoxysilane, in situ, resulting in regular porous material: 
microporous in the absence of the additional polymeric 
template (dendrimer appeared as both ligand for nanoparticles 
stabilization and template for pore formation) and mesoporous 
in the presence of polymeric PEG-based template (Scheme 
3).[46] Impregnated with Ru nanoparticles, these catalysts were 
applied for the effective hydrogenation of phenols to 
corresponding cyclohexanols[46] and for selective 
hydrogenation of levulinic acid and its esters to γ-
valerolactone.[47] 

In the present work we propose the use of these hybrid 
dendrimer-based organo-silica materials as carriers for 
effective Pd nanocatalysts in the selective hydrogenation of 
unsaturated compounds. 

Results and Discussion 

The synthesis of bimetallic dendrimer-based 
heterogeneous catalysts 

In this work, in addition to earlier synthesized hybrid organo-
silica materials, denounced as G2-dendr-meso-SiO2 and G3-
dendr-SiO2, prepared by cohydrolysis tetra(ethoxy)silane with 
PPI dendrimers, modified with (3-glycidoxy)propyl 
trimethoxysilane in the presence or absence of Pluronic 
template correspondingly (Schemes 5, S1)[46], recently we 
have developed a new organo-silica carrier with low Si/N ratio. 
The latter have been achieved by exception of Si(OEt)4 from 
the synthetic procedure. As a consequence, PPI dendrimers of 
2nd generation, partly modified with (3-glycidoxy)propyl 
trimethoxysilane, underwent co-hydrolysis with each other in 
the presence of polymeric template Pluronic P123 (Scheme 
S2). 

Physical chemical properties of thus obtained meso-G2-
dendr-Si, as well as of earlier synthesized G2-dendr-meso-
SiO2 and G3-dendr-GlycdSiO2, are presented in Tables S1 
and S2. As seen from Figsures S1–S3, in contrast to G2-
dendr-meso-SiO2 and G3-dendr-SiO2, meso-G2-dendr-Si does 
not have well-marked pores and channels in its structure and 
looks like as a typical dendrimer networks.[31a] One may 
suggest, that relatively bulk and flexible (in comparison with 
Si(OEt)4) PPI dendrimers are not able to form a rigid ensemble 
around the Pluronic micelle, resulting in amorphous structure. 

XPS and solid-state NMR spectroscopy of meso-G2-
dendr-Si sample (Table S1) confirmed the presence of 
fragments, typical for PPI dendrimers (NCH2CH2CH2N, 
NCH2CH2CH2NH2, etc.)[48] and modifying groups, that link 
dendimers each other (SiCH2CH2CH2O, 
OCH2CH(OH)CH2NH).[48–49] Herein silicon was not detected, 
that probably might be due to its very low content in the 
sample. The another reason might be too deep location of Si 
groups under the surface, not detectable by XPS method, in 
contrast to dendrimer fragments, characterized by high surface 
C and N atomic concentrations. 

13C NMR spectrum for meso-G2-dendr-Si is relatively well 
resolved similar to G3-dendr-GlycdSiO2, while G2-dendr-
meso-SiO2 carrier is consisted of poorly soluted broadened 
signals, related to glycidyl (~66–80, 80–96 ppm), dendrimer 
(~21–66 ppm) and oxypropylsilane (~12–21 ppm) fragments 
(Figure S4). Thus observed results may be explained by that 
dendrimers, anchored to the inner surface of mesopores in 
G2-dendr-meso-SiO2, possess by partial mobility and, as a 
consequence, are subjected to much stronger vacillation in 
comparison to those in meso-G2-dendr-Si, bounded into the 
network, or in G3-dendr-SiO2, where dendrimer molecules, 
being simultaneously a templates for pore formation, are 
anchored to their walls by all modified end groups (Schemes 5, 
S1–S2).[35a; 50] 

All three carriers: G2-dendr-meso-SiO2, G3-dendr-SiO2 
and meso-G2-dendr-Si – were used supports for Pd catalysts. 
Pd deposition was performed according to earlier published 
procedures for dendrimer-based materials by wetness 
impregnation method, using Pd(OAc)2 in chloroform as metal 
source and NaBH4 as a reducing agent (Scheme 4)[43]: 
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Scheme 4. Encapsulation of Pd nanoparticles into dendrimer-based organo-silica carriers on the example of G3-PPI-SiO2-Pd catalyst. 

 

The catalysts synthesized were characterized by means of 
atomic emission spectroscopy with inductively coupled plasma 
(ICP-AES), transmission electron microscopy (TEM), X-ray 
photoelectron (XPS) and solid-state NMR spectroscopy. 
Physical chemical properties of the catalysts obtained are listed 
in Table 1 and illustrated in Figures 2–6. 

As one can see, both silica-containing catalysts are 
characterized by Pd content, close to the theoretical one (Table 
1). In meso-G2-dendr-Si-Pd the found Pd content, vice versa, is 
inferior to theoretical by ~2.5 times. Similar phenomenon was 
earlier observed for meso-G3-PPI-DMDPDI-Pd catalyst, based 
on the PPI dendrimer network, also synthesized in the presence 
of polymeric template.[32a]  
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Table 1. Physical chemical properties of the dendrimer-based Pd-containing catalysts 

Entry Catalyst 
Pd content, 

wt. % 
d, nm 

XPS atomic concentrations, % Pd 3d5/2 valency states, % (eV) 

Pd C N O Si Pd0 PdOx/Pd PdO Pd2+ 
Pd(OAc)2, Pd 
(II) N-bound 

1 G3-dendr-SiO2-Pd 6.70 2.81±0.71 3.1 28.3 4.2 48.5 15.9 54.5 (335.8) - 41.2 (337.4) - 4.3 (338.7) 

2 G2-dendr-meso-SiO2-Pd 7.58 3.29±0.34 2.7 32.1 3.6 48.2 13.1 63.9 (335.2) 18.2 (336.5) - 16.3 (338.0) 2.5 (339.0) 

3 meso-G2-dendr-Si-Pd 7.71 2.71±0.44 2.3 62.5 18.6 16.6 - 26.4 (335.3) 45.0 (336.6) - 28.6 (337.8) - 
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G3-dendr-SiO2-Pd G2-dendr-meso-SiO2-Pd meso-G2-dendr-Si-Pd 

Figure 2. Pd 3d XPS spectra of the synthesized organo-silica dendrimer-based catalysts. 
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Figure 3. G2-dendr-meso-SiO2-Pd TEM image and particle size distribution. 

 

As in the case of dendrimer-based hybrid organo-silica Ru-
containing catalysts[46], the use of mesoporous carrier did not 
result in the significant particle size increase (Table 1). 
Nonetheless, the particle size distribution and morphology were 
different for each sample. G2-dendr-meso-SiO2-Pd was 
characterized particle size distribution with a maximum at 3.0 nm 
and preferentially regular distribution of particles inside pores of 
the carrier (Figures 3 and 4). The electron diffraction, obtained 
from the larger nanoparticles, also confirmed the presence of Pd 
crystallites in the sample (Table S3, Figure S5). Herein Pd 
nanoparticles apparently ordered and limited vacillations of 
dendrimers, resulting in the better resolution for corresponding 
13C NMR spectrum (Figure S6). 

For meso-G2-dendr-Si-Pd particle size distribution was close 
to Gauss function with a maximum at 2.2 nm (Figure S5), often 
typical for the catalysts, based on the dendrimer networks [32]. 
However particle distribution through the carrier surface was not 
regular, and sample contained areas both with high and low 
particle density (Figure S5).  

Particle size distribution in G3-dendr-SiO2-Pd is very similar 
to pore size distribution of the corresponding carrier with a 
maximum of ~ 0.85 nm, a minimum diameter for Pd 
nanoparticles (Figures 6, S7)[2g, 51]. One may assume, that 
particles with diameter range of 0.85–2.5 nm are located 
predominantly in the micropores of the carrier, where the larger 
size corresponds to modified PPI dendrimer of 3rd generation in 
the expanded state. Larger crystallites (Figure S8) are located 
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respectively in the outer pore space, on the carrier surface, 
resulting in increase of the mean particle diameter. It can also be 
noted, that inclusion of Pd particles in the carrier structure had 
no a sufficient influence on the 13C NMR spectrum of the latter 
(Figure S9).  

According to the XPS data (Table 1, Figure 1), Pd in all three 
samples was presented both in zero-valent (Pd0, 335.0–335.7 
eV at Pd 3d5/2)[52] and oxidized forms (PdOx, 336.5 eV at Pd 
3d5/2; PdO, 337.4 eV at Pd 3d5/2)[53], that is typical for catalyst 
stored in the air[54] and containing N- and O-coordination groups 
in their structures.[52a–b, 55] Nonetheless, the distribution of the 
latters was significantly dependent on the carrier structure for the 

certain catalyst. Thus, meso-G2-dendr-Si-Pd, in spite of the 
lowest oxygen content (~17%), was characterized by the lowest 
Pd0 portion (~ 26.5%) and maximum portion of the oxidized 
species in comparison with both G2-dendr-meso-SiO2-Pd and 
G3-dendr-SiO2-Pd (Table 1, Figure 1). The ratio of surface Pd 
concentration, Cs (2.3%), to the volume Pd content, Cv (7.7%), 
was also the lowest for this catalyst an reached approximately 
0.3. Herein it should be noted, that an oxygen portion, relating to 
silica knots, is extremely low in this sample; therefore Pd is 
appeared to bound with oxygen both from glycidyl groups of the 
carrier and adsorbed form the air. 

 

 

Figure 4. G2-dendr-meso-SiO2-Pd HRTEM image. 

 

G2-dendr-meso-SiO2-Pd, vice versa, was characterized by 
the highest portion of Pd0 state, reaching ~64% of total surface 

Pd content (Table 1). G3-dendr-SiO2-Pd had the highest Cs/Cv 
ratio of ~0.5 and Pd/O ratio close to those for G2-dendr-meso-
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SiO2-Pd, while Pd0 portion was ~55% (Table 1, Figure 1). The 
main difference for this sample is a relatively high binding 
energy for Pd0 state, as compared with G2-dendr-meso-SiO2-
Pd and meso-G2-dendr-Si-Pd (Table 1). This phenomenon can 
be explained in terms of small particle sizes, predominating in 
the G3-dendr-SiO2-Pd sample: the small particle size, the 
higher uncompensated surface partly positive charge, and, as a 
consequence, the higher binding energy for Pd0.[56] 

Also G3-dendr-SiO2-Pd sample contained a low, but 
noticeable portion of Pd2+ ions, strongly bounded with the 
dendrimer fragments (Table 1). Analogous tendency was earlier 
observed for Pd nanoparticles, encapsulated in PPI dendrimers 
of 3rd generation, immobilized on the silica-polyamine 
composite surface[43], as well as for Pd nanoparticles, 

encapsulated in high densely cross-linked networks of PPI and 
PAMAM dendrimers[32a].  

It appears, that hyper-branched PPI dendrimers of 3rd 
generation or PAMAM dendrimers of 2nd generation are able not 
only to stabilize metal nanoparticles through electron 
donation[1a, 16, 17b–c], but also to interfere the metal ions reduction 
due to formation of stable chelate complexes.  

Pd2+ ions, those may origin from the rest Pd(OAc)2 or 
weakly bounded Pd complexes with dendrimers, are absent in 
G3-dendr-SiO2-Pd, as compared with G2-dendr-meso-SiO2-Pd 
and meso-G2-dendr-Si-Pd (Table 1). At the same time the 
remarkable portion of PdO in this sample can be referred not 
only to the oxidation in the air [54], but also to the strong 
interactions of Pd species with silica matrix[52a], to those small 
particles are subjected extremely.[56] 

 

 

Figure 5. Meso-G2-dendr-Si-Pd TEM image and particle size distribution.  
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Figure 6. G3-dendr-SiO2-Pd TEM image and particle size distribution. 

 

Hydrogenation of unsaturated compounds in the presence 
of hybrid dendrimer-based Pd catalysts 

Synthesized catalysts were tested in the hydrogenation of 
various unsaturated compounds, such as styrenes, alkynes and 
dienes. Catalyst activity, expressed as turnover frequency 
(TOF), was calculated as amount of the substrate reacted 
(νsubstr) per mole of metal (νPd) per unit of time according to the 
formula:  
 

𝑇𝑂𝐹 =  
𝜈𝑠𝑢𝑏𝑠𝑡𝑟 × 𝜔

𝜈𝑃𝑑 × 𝑡
 

 

In hydrogenation of styrenes corresponding substituted 
alkylbenzenes were the only reaction products for all catalysts. 
It was established, that catalyst activity was simultaneously 
dependent on the carrier structure, substrate size and 
geometry, electron factors. Mesoporous G2-dendr-meso-SiO2-
Pd catalyst appeared the highest activity for the most of 
substrates (Table 2, Figure 7). For styrene it exceeded 75000 h-

1 at molar substrate/Pd ratio of ~36760 and hydrogen pressure 
of 10 atm. and 230000 h-1 at molar substrate/Pd ratio of about 
91900 and hydrogen pressure of 30 atm., that was extremely 
superior to Pd catalyst, based on PPI dendrimers, anchored on 
the silica polyamine composite (Pd-G3-dendr@BP-1), earlier 
tested in the analogous reaction.[43] So high efficacy for G2-
dendr-meso-SiO2-Pd can be attributed to its regular 
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mesoporous structure, providing the well access for substrate to 
the active Pd nanoparticles, while the ratio of Pd0/(PdOx + Pd2+) 
was approximately equal for both catalysts. Nonetheless, it 
should also be noted, that in the present work we have used 
higher temperatures (80 0C instead of 70 0C[43]) and carried out 
the experiments for liquid substrates in the absence of solvent, 
thus avoiding the competitive adsorption of the latter and the 
dilution effect.  

With the substrate size increased, catalytic activity for G2-
dendr-meso-SiO2-Pd decreased (Table 2, Figure 7), that was 
typical for the dendrimer-based catalysts.[17c, 18a] This downfall 

was especially remarkable for substrates, such as trans-
stilbene, 4-phenylstyrene and 1,1-diphenylethylene, whose 
substituents (phenyl rings) possessed the weak –M-effect, 
along with bulk and rigid substrate geometry, hindering the 
adsorption of the latter. Even slightly increase of substrate/Pd 
ratio from ~2300–2400 to ~4700–4800 resulted in notable 
decrease in conversion: from 98 to 50% for trans-stilbene, from 
79 to 10% for 4-phenylstyrene and from 91 to 43% for 1,1-
diphenylethylene within 15 minutes at hydrogen pressure of 10 
atm. (Table 2). 

 
 

Table 2. Hydrogenation of styrenes in the presence of G2-dendr-meso-SiO2-Pd catalyst [a] 

Entry Substrate 
Substrate/Pd 

(mol/mol) 
P (H2), atm. Conv., % TOF, h-1 

1 Styrene 36760 10 53 77930 

2  36760 30 100 147040 

3  91900 30 63 231590 

4 4-methylstyrene 38360 10 50 76725 

5  38360 30 94 144240 

6  95905 30 55 210995 

7 4-tert-butylstyrene 18395 10 60 44155 

8  18395 30 74 54455 

9 4-phenylstyrene 2335 10 79 7385 

10  4665 10 10.5 1965 

11 trans-stilbene 2335 10 98.5 9205 

12  4665 10 50.5 9440 

13  4665 30 100 18695 

14  9330 30 81 30285 

15  14000 30 46 25795 

16 1,1-diphenylethylene 2385 10 91 8685 

17  4770 10 43 8205 

18  4770 30 77 14695 

[a] Reaction conditions are: 80 0C, 15 min. 
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Figure 7. Hydrogenation of styrenes in the presence of the 
dendrimer-based organo-silica palladium nanocatalysts. 
Reaction conditions are: 80 0C, 15 min. 

The lowest conversion for 4-phenylstyrene in 
comparison with its isomers, 1,1-diphenylethylene 
and trans-stilbene, can be explained in terms of 
geometric factors: too closely located, phenyl rings 
in the 4-phenylstyrene are perpendicularly oriented 
to each other, minimizing the steric energy and, as 
a consequence, sufficiently retarding the substrate 
adsorption. In 1,1-diphenylethylene molecule 
phenyl rings are located farther from each other, 
facilitating the adsorption. In the trans-stilbene 
molecule both C=C double bond and phenyl rings 
are located in the same plane, making the 
adsorption the most favourable. Increase in 
hydrogen pressure up to 30 atm. allowed to 
achieve conversions of 77 and 100% for 1,1-
diphenylethylene and trans-stilbene respectively 
(Table 2). 

Activity of the microporous G3-dendr-
GlycdSiO2-Pd catalyst was strongly affected by 
both electron and geometry factors (Figure 7), that 
was originated form its hindered structure (Scheme 
6). Thus, in the styrene hydrogenation turnover 
frequency for G3-dendr-GlycdSiO2-Pd was 
comparable with that for G2-dendr-meso-SiO2-Pd, 
reaching 103140 h-1 at molar substrate/Pd ratio of 
~41560 and hydrogen pressure of 10 atm. and 
207945 h-1 at molar substrate/Pd ratio of ~103970 
and hydrogen pressure of 30 atm. (Table 3). Then it 
dropped down for 4-methylstyrene and raised 
again, when 4-tert-butylstyrene was used as s 
substrate (4-tert-butylstyrene). In the last case 
turnover frequency for G3-dendr-GlycdSiO2-Pd 
reached 88805 h-1 at molar substrate/Pd ratio of 
~14465 and 10 atm. of H2 and 146525 h-1 at molar 
substrate/Pd ratio of ~41625 and 30 atm. of H2 
within 15 min, noticeably exceeding that for G2-
dendr-meso-SiO2-Pd (Tables 2 and 3). 

The phenomenon observed can be explained in 
terms of strong +I-effect of the tert-butyl group, 
located oppositely to C=C double bond in the side 
chain of 4-tert-butylstyrene molecule (the concerted 
action of substituents). G3-dendr-SiO2-Pd is 
characterized by less portion of Pd0 on its surface 
(Table 1, Figure 1) and higher portion of small 
particles, having uncompensated partly positive 
charge on their surface (Figure 6). Therefore, the 
strong +I-effect of 4-tert-butylstyrene can play a 
play key role in the preferential adsorption and the 
subsequent hydrogenation of the latter in 
comparison with 4-methylstyrene and other bulky 
substrates. 

Extremely low conversions for rigid 4-
phenylstyrene and trans-stilbene (4 and 6% within 
1 hour correspondingly, Table 3) confirm our 
suggestion, as we think. Herein both sterical factors 
(hindered catalyst structure, bulky and rigid 
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geometry of substrate) and electron factors (–M-substituents) act together, resulting in the retarded hydrogenation. 

Table 3. Hydrogenation of styrenes in the presence of G3-dendr-SiO2-Pd catalyst [a] 

Entry Substrate 
Substrate/Pd 

(mol/mol) 
P (H2), atm. Conv., % TOF, h-1 

1 Styrene 41560 10 62 103140 

2  41560 30 100 166365 

3  103970 30 50 207945 

4 4-methylstyrene 14465 10 100 57870 

5  21700 10 33 28645 

6  21700 30 64 55555 

7 4-tert-butylstyrene 27750 10 80 88805 

8  27750 30 95 105455 

9  41625 10 22.5 37465 

10  41625 30 88 146525 

11 4-phenylstyrene 2645 10 4 [b] 105 

12 trans-stilbene 2645 10 6 [b] 160 

[a] Reaction conditions are: 80 0C, 15 min. [b] 1 h. 

 

G3-dendr-SiO2-Pd was tested on the possibility 
of recycling on the example of styrene (Figure 8). 
The recycling test was performed analogously to a 
standard hydrogenation procedure in the presence 
of heterogeneous dendrimer-based palladium 
catalysts.[32a, 43] For the better sedimentation of the 
catalyst and, therefore, the prevention of 
mechanical losses, the reaction products were 
additionally diluted with n-hexane, which is a poor 
solvent for dendrimers.[32a, 43] The resulting solution 
was separated by decantation, and the remaining 
catalyst after sedimentation (~ 30 min.) was used in 
the subsequent cycles without additional loading 
and regeneration.  

This experiment revealed, that G3-dendr-SiO2-
Pd can be used six or more times without loss in 
activity. Total turnover number for six cycles was 
82970. Nonetheless, it should be noted, that 
recycling test for styrene was carried at relatively 
moderate substrate to Pd ratio, when reaction 
being not sensitive yet to the catalyst mechanical 
losses. 

 
 

Table 4. Hydrogenation of styrenes in the presence of meso-G2-dendr-Si-Pd [a] 

Entry Substrate 
Substrate/Pd 

(mol/mol) 
t, min Conv., % TOF, h-1 

1 Styrene 

3010 

60 100 

8310 2  30 96 

3  15 27 

4  

6025 

60 96.5 

11325 5  30 69 

6  15 22 

7 4-methylstyrene 

3145 

60 18.5 

1700 8  30 18 

9  15 4.5 

10  

6285 

60 10 

880 11  30 6.5 

12  15 3.5 

13 4-tert-butylstyrene 

3015 

60 85.5 

7595 14  30 81 

15  15 18 

16  

6030 

60 72 

8555 
17  45 62 

18  30 20.5 

19  15 9 

20 4-phenylstyrene 

2300 

60 95.5 

7030 21  30 80 

22  15 3.5 

23  

4595 

60 7 

550 24  30 4.5 

25  15 3 

26 trans-stilbene 

2300 

60 63 

3030 27  30 34.5 

28  15 1.5 

[a] Reaction conditions are: 80 0C, 10 atm. of H2. 
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Figure 8. Recycling of G3-dendr-SiO2-Pd in the hydrogenation of 

styrene. Reaction conditions: 0.5 mg of cat., 500 μL of the substrate 
(substrate/Pd ≈ 13865), 15 min., 80 0C, 10 atm. of H2. 

In contrast to G2-dendr-meso-SiO2-Pd and G3-
dendr-SiO2-Pd, meso-G2-dendr-Si-Pd revealed 
unexpectedly low activity in the hydrogenation of styrene 
(Table 4, Figure 7). An induction period was observed in 
the hydrogenation of all substrates (Figure S11); 
therefore the TOF values for meso-G2-dendr-Si-Pd were 
calculated with the use of time ranges, corresponding 
the maximum slopes on the kinetic curves (Figure S11). 

As seen from Figure S11 and Table 4, even slight 
increase of molar substrate/Pd ratio from ~2300–3100 to 
4600–6300 resulted in sharp decrease in the reaction 
rate for the most of the substrates. Prolongation of the 
induction period was also observed (Figure S11). We 
suppose, such behavior of the meso-G2-dendr-Si-Pd 
catalyst can be connected with the predominance of the 
oxidized Pd species on the surface (Table 1, Figure 1). 
This supposal may be confirmed by the results of 4-tert-
butylstyrene hydrogenation, being significantly superior 
to those of 4-methylstyrene. Herein 4-tert-butylstyrene 
by the strong +I-effect was characterized.  

 

The structure of meso-G2-dendr-Si carrier is expanded and 
loose. It resulted in elimination of the sterical factors in the 

hydrogenation of bulky and rigid 4-phenylstyrene and trans-
stilbene (Figure 7, Table 4). Nonetheless, due to the –M-effect 
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of substituents, they are still inferior to 4-tert-butylstyrene in their 
propensity to hydrogenation, that was especially notable at 
increased substrate/Pd ratios (Table 4, Figure S11). 

Selective hydrogenation of acetylene compounds is one of 
the most important problems in petrochemistry, since they 
poison polymerization catalyst.[57] Therefore, the catalysts 

synthesized were tested in the hydrogenation of various 
alkynes, such as phenylacetylene, 1-octyne, 4-octyne and 1-
hexyne. As seen from Figure 9, phenylacetylene was subjected 
to hydrogenation in the significantly lesser degree in comparison 
with linear alkynes for all catalysts tested.  
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Figure 9. Hydrogenation of alkynes in the presence of the dendrimer-based organo-silica 
palladium catalysts. Reaction conditions are: 80 0C, 15 min. 

These results can be explained in terms of both 
sterical and electron factors. Thus, on the one hand, 
rigid phenylacetylene, with its planar geometry, 
requires much larger adsorption area for successful 
hydrogenation of the C≡C triple bond, than flexible 
linear alkynes. As a consequence, the same Pd 
nanoparticle can simultaneously adsorb linear 
alkyne molecules in rather large quantity, as 
compared with those of phenylacetylene. On the 
other hand, alkyl substituents in the 1-octyne, 4-
octyne and 1-hexyne molecules possess the weak 
+I-effect, that facilitates substrate adsorption on Pd 
nanoparticles – in contrast to weak –M-effect of 
phenyl ring in the phenylacetylene molecule.[19b, 32a]  

The presence of basic dendrimer amino groups 
strengthens polarization of terminal C–H bond near 
to the C≡C triple bond in phenylacetylene molecule 
and, as a consequence, the acidity of the terminal 
proton. On the one hand, leads to increase in the 
electron density on the C≡C triple bond and, as a 
consequence, to the enhanced selectivity on 
styrene.[32a] On the second one, it favours to the 
predominant perpendicular adsorption of 
phenylacetylene molecule, not suitable for the 
subsequent hydrogenation to styrene. Nonetheless, 
due to the dendrimer action, a portion of PhCH2–
C≡Pd and PhCH2–CH=Pd adsorbed species[57a, 58], 
leading to ethylbenzene formation decreases, 
replaced by surface Ph–C≡Cδ----Pdδ+ complexes.[59] 
As a result, the reaction turnover decreases (Figure 
9) along with the styrene selectivity increased (Table 
5). 

 
 

Table 5. Hydrogenation of phenyl acetylene in the presence of the dendrimer-based organo-silica palladium catalysts [a] 

Entry Catalyst 
Substrate/Pd, 

(mol/mol) 
P (H2), atm. Conv., % TOF, h-1 

Selectivity on 
styrene, % 

1 G3-dendr-SiO2-Pd 7230 10 99.5 28780 90.5 

2  14455 10 77 44545 98 

3  14455 30 97 56115 95 

4  18070 30 82 59300 97 

5  21680 10 57 49465 98 

6  21680 30 79 68555 98 

7  28910 10 47 54380 98 

8  28910 40 70 80995 96 

9 G2-dendr-meso-SiO2-Pd 6390 10 98 25055 67 

10  12785 10 63 32215 95.5 

11  12785 30 98 50115 84 

12  15980 30 90 57530 90.5 

13  19175 10 45.5 34900 96.5 

14  19175 30 75 57530 92 

15 meso-G2-dendr-Si-Pd 6285 10 73 18350 92 

16  12570 10 47 23630 98 

17  12570 30 98 49279 87.5 

18  18850 30 92.5 69755 91.5 

19  25135 10 20.5 20610 98 

20  25135 30 53.5 53795 93.5 

[a] Reaction conditions are: 80 0C, 15 min. 
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The catalyst efficiency in the phenyl acetylene 
hydrogenation was strongly influenced by the carrier structure 
and the reaction conditions (substrate/Pd ratio, hydrogen 
pressure etc.). G3-dendr-SiO2-Pd appeared as the most 
selective and efficient catalyst among the others tested: the 
portion of styrene among the reaction products reached 95–
98% even at hydrogen pressures of 30–40 atm. and was just 
slightly dependent on the substrate/Pd ratio (Table 5). Herein 
the maximum TOF value might reach 80995 h-1 (Table 5, Entry 
8), and the maximum styrene yield of 92% (conversion of 97%, 
selectivity of 95%) was achieved at substrate/Pd ratio of 
~14455 and hydrogen pressure of 30 atm. (Table 5, Entry 3). 

We suppose, such behavior is typical for the catalysts, 
based on PPI dendrimers of the 3rd and higher generation.[32a] 
The higher selectivity is stipulated here by the electron donating 
effect of the large amount of the dendrimer amino groups 
together[1a, 16, 32a]; as a consequence, Pd surface is partly filled 
with electrons and much stronger adsorbs phenylacetylene with 
its high electron density on the C≡C triple bond (additionally 
polarized by the interactions with the basic dendrimer amino 
groups) in comparison with styrene, resulting both in higher 
reaction rate and selectivity on styrene.[32a] Herein the reaction 
rate appears to be dependent non only the substrate size and 
geometry, but also on the palladium nanoparticle 
microenvironment, facilitating or, vice versa, retarding the 
dubstrate adsorption. 

Mesoporous catalysts G2-dendr-meso-SiO2-Pd and meso-
G2-dendr-Si-Pd, based on PPI dendrimers of 2nd generation, 
were noticeably inferior to G3-dendr-SiO2-Pd in activity in both 
activity and selectivity (Figure 9, Table 5). The maximum 
styrene yield of 81.5% (conversion of 90%, selectivity of 90.5%) 
for G2-dendr-meso-SiO2-Pd catalyst, as well as TOF values of 
57530 h-1, can be achieved at molar substrate/Pd ratio of 
~15980 and hydrogen pressure of 30 atm. within 15 minutes 
(Table 5, Entry 12). In the case of meso-G2-dendr-Si-Pd the 
best conditions for the selective phenyl acetylene 
hydrogenation were the substrate/Pd ratio of ~18850 and 
hydrogen pressure of 30 atm., allowing to achieve the styrene 
yield of 84.5% within 15 minutes (conversion of 92.5%, 
selectivity of 91.5%) at TOF value of 69755 h-1 (Table 5, Entry 
18). 

All catalysts studied appeared to be inferior to the 
amorphous Pd-G3-dendr@BP-1 catalyst, based on PPI 
dendrimers of the 3rd generation[43], but surpassed it in the 
selectivity on styrene. As we think, this difference in behavior for 
the catalysts with the similar composition may originate from the 
features of Pd nanoparticles localization in the carrier. In Pd-
G3-dendr@BP-1 both dendrimers and Pd nanoparticles are 
located only on the outer surface of the carrier[43]: it results in 
the better substrate access to catalytic centers in comparison 
with catalysts, where Pd nanoparticles are predominantly 
located in pores or in the network cavities. On the other hand, 
due to its outer surface localization, Pd nanoparticles in the Pd-
G3-dendr@BP-1 catalyst are less coated with the dendrimer 
amino groups and, as a consequence, appeared less selective 
in the phenylacetylene hydrogenation, especially as compared 
with G3-dendr-SiO2-Pd catalyst.   

With respect to alkynes, the reaction turnover frequency as 
well as alkene selectivity was additionally influenced by the 
substrate size and C≡C triple bond position in the alkyne 
molecule. As seen from Figure 9, linear 1-octyne and 1-hexyne 
were hydrogenated with much better efficacy, than that for 
phenylacetylene, with 1-hexyne hydrogenated much faster as 
less-size substrate. The maximum TOF value appeared as 
404415 h-1 for G3-dendr-SiO2-Pd catalyst at molar substrate to 
Pd ratio of ~103700 and hydrogen pressure of 30 atm. within 15 
minutes (Table S3, Entry 5). Mesoporous catalysts G2-dendr-
meso-SiO2-Pd and meso-G2-dendr-Si-Pd again revealed the 
similar activity, giving maximum TOF values for 1-hexyne of 
about 234300–276805 h-1 at substrate/Pd ratios of 90100–
91600 and hydrogen pressure of 30 atm. within 15 minutes 
(Table S3, Entries 13 and 19). 

As in the case of phenylacetylene hydrogenation, the 
selectivity on terminal alkene was strongly dependent on both 
reaction conditions (substrate/Pd ratio, hydrogen pressure) and 
catalyst structure. At low substrate/Pd ratios thermodynamic 
reaction control prevailed, resulting in high isomerization 
degrees for rest alkenes among the reaction products (Tables 
S3 and S4).  

Isomerization of the C=C double bond position is the typical 
process for linear alkenes in the presence of Pd catalysts [19d]. 
It was especially noticeable for the products of less-size 1-
hexyne hydrogenation (Table S3). Herein G3-dendr-SiO2-Pd 
catalyst favoured for the maximum isomerization degree among 
the other catalysts (Table S3). This phenomenon can be 
explained in terms of highly branched moieties of PPI 
dendrimers of the 3rd generation, those retarded alkenes formed 
in close proximity of Pd nanoparticles, making the formers 
undergo the further isomerization.  

Increase in substrate/Pd ratio led to the predominance of 
kinetic control, appearing in increase of the total alkene fraction 
among the reaction products and lowering the isomerization 
degree, while the rise of hydrogen pressure resulted in slight 
increase of alkane and isomer portions (Tables S3 and S4). 
Moreover, hydrogen pressure had a significant influence on the 
efficacy of the alkyne hydrogenation (Figure 9). The more 
noticeable it was for mesoporous G2-dendr-meso-SiO2-Pd and 
meso-G2-dendr-Si-Pd catalysts, allowing to increase the 
reaction turnover frequency by 2.5–8.5 times (Figure 9, Tables 
S3 and S4). This may be explained by the fact, that in 
mesoporous catalysts, based on PPI dendrimers of the 2nd 
generation, have enough free space, that can be occupied by 
both substrate molecules and adsorbed hydrogen species, thus 
favouring to the hydrogenation process. The adsorption density 
here also increases.   

For microporous G3-dendr-SiO2-Pd catalyst increase in 
hydrogen pressure from 10 to 30 atm. gives increase in the 
reaction efficiency only by 1–1.5 times (Figure 9, Tables S3 and 
S4). This may be due to initial higher local ligand to Pd ratio, 
originated from PPI dendrimers of the 3rd generation, 
constituting the ligand basis of the G3-dendr-SiO2-Pd catalyst, 
and the predominance of small particles (Figure 6). Moreover, 
G3-dendr-SiO2-Pd allowed to obtain highier conversions and, 
as a consequence, highier TOF values at lower hydrogen 
pressures even at the highest substrate/Pd ratios (Figure 9, 
Tables S3 and S4). It was especially remarkable for 1-octyne, 
for which conversion and TOF at 10 atm. of H2 reached 98% 
and 316545 h-1 respectively (substrate/Pd ~ 80750, 15 min.), 
therefore being remarkably superior to that for both G2-dendr-
meso-SiO2-Pd and meso-G2-dendr-Si-Pd at 30 atm. of H2 (TOF 
~17130–211900 h-1 at substrate/Pd of ~70170–71400, within 15 
min.) (Figure 9, Table S4). 

This phenomenon can be explained in terms of hindered 
catalyst structure, retarding the substrate molecules and, 
therefore, increasing their local density. As a consequence, the 
probability of substrate adsorption on Pd nanoparticles 
increases in comparison with more expanded mesoporous 
catalysts. By the careful adjusting the reaction conditions, it was 
possible to reach high terminal alkene yield (≥ 90%) for all 
catalysts tested.  

Similar to phenylacetylene, 1-octyne and 1-hexyne, at 
highest substrate/Pd ratios, when alkyne not consumed 
completely, caused slight Pd leaching from catalysts, that is 
typical for terminal alkynes due to the complex formation [59]. 
At the same time, the reasonable selectivity on alkene (≥ 90%) 
for 1-octyne and 1-hexyne can be achieved only at much higher 
substrate/Pd ratios, than for phenylacetylene (Tables S3 and 
S4). This may be due to the flexible structure of linear alkynes 
and their semi-hydrogenation products, resulting in their 
retarding by dendrimer branches, whereas rigid and planar 
phenylacetylene moves apart the denrimers branches, thus 
providing the free space for the fast desorption of styrene 
formed.  

The second possible reason is the less polarization of 
terminal C–H bond due to the +I-effect of substituent near to 
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C≡C triple bond in the linear alkyne molecule – as compared 
with phenylacetylene one with –M-effect of phenyl ring. As a 
consequence, the difference between electron densities on 
C≡C and C=C bonds with alkyl substituents is diminished, 
resulting in facilitated readsorption of alkene formed. We think, 
this supposal is confirmed by the results of 4-octyne 
hydrogenation, whose internal C≡C triple bond has two +I- 
substituents from both sides and cannot be polarized. 

As seen from Figure 9, when 4-octyne is hydrogenated in 
the presence of G2-dendr-meso-SiO2-Pd catalysts, the reaction 
TOF reaches values as high as 243980 h-1 at substrate/Pd ratio 
of ~71760 and 30 atm. of H2 within 15 minutes, that is just 
slightly less, than for 1-hexyne (Table S5, Entry 10). We 
assume, this phenomenon is originated both from less hindered 
mesoporous structure of G2-dendr-meso-SiO2-Pd, providing the 
well access for substrate molecules to Pd nanoparticles, and 
from internal position of C≡C triple bond, surrounded by two +I-
substituents. This assumption is confirmed by the fact, that for 
G3-dendr-SiO2-Pd and meso-G2-dendr-Si-Pd, with more 
hindered structures, activity for 4-octyne, with the internal C≡C 

triple bond, sharply decreased, as compared with terminal 1-
octyne and 1-hexyne, and did not exceed 194840 h-1 (Figure 9, 
Table S5, Entry 5). 

Another remarkable difference in the 4-octyne 
hydrogenation is the predominance of octane among the 
reaction products for all catalysts even at highest substrate/Pd 
ratios (Table S5). In the presence of dendrimer moieties on the 
carrier surface internal alkyne is retarded to adsorb and, as a 
consequence, its semi-hydrogenation products with the internal 
C=C bonds are retarded to desorb away. It resulted in the 
subsequent hydrogenation of alkenes formed and 
corresponding high portion of n-octane among the reaction 
products (Table S5) in comparison not only with bimetallic 
PdAg-G3-dendr@BP-1 catalyst, that allowed to achieve near-
to-quantitative yield of 4-octene by carefully adjusting the 
reaction conditions under the thermodynamic reaction 
control[44], but also with monometallic supported Pd/SiO2 and 
Pd/Al2O3 catalysts, providing the selective hydrogenation of 
diphenylacetylene to cis-stilbene[60]. 

 

T
O

F
, 

h
-1

0

1000

2000

3000

4000

5000

6000

100000

200000

300000

400000 G3-dendr-SiO2-Pd, 10 atm. 

G3-dendr-SiO2-Pd, 30 atm. 

G2-dendr-meso-SiO2-Pd, 10 atm. 

G2-dendr-meso-SiO2-Pd, 30 atm. 

meso-G2-dendr-Si-Pd, 10 atm. 

meso-G2-dendr-Si-Pd, 30 atm. 

 

Figure 10. Hydrogenation of dienes in the presence of the dendrimer-based organo-
silica palladium catalysts. Reaction conditions: 80 0C, 15 min. 

In hydrogenation of dienes several main features may 
be marked. Flexible and tiny isoprene and 2,5-dimethyl-
2,4-hexadiene, as well as small 1,3-cyclohexadiene 
(which is partly isomorphic to 2,5-dimethyl-2,4-hexadiene 
in cis-conformation) were hydrogenated with high efficacy, 
reaching the TOF values of 100000–400000 h-1 (Figure, 
Tables S6–S8), sharply exceeding those not only for 
traditional heterogeneous catalysts, but also for the 
materials, based on PPI or PAMAM dendrimers, grafted to 
amorphous silica surface[34b, 43] or dendritic networks.[32a] 

In contrary, bulky 1,3- and 1,5-cyclooctadienes were 
hydrogenated very slowly: the conversion after 1 hour 
does not reach 100% for all catalysts at minimal 
substrate/Pd ratios (~2800–3200). Herein 1,5-
cyclooctadiene very often underwent isomerization to 
conjugated 1,3-cyclooctadiene, that was the appearance 
of the reaction thermodynamic control. The predominant 
reaction product for G2-dendr-meso-SiO2-Pd and G3-
dendr-SiO2-Pd catalysts was cyclooctane, whereas the 
literature reports, as a rule, about the cyclooctene 
formation in the presence of dendrimer-based catalysts[18, 

21, 34b, 61]. 
Trans-cyclooctene with the selectivity of ~5% was 

detected for less active G3-dendr-SiO2-Pd catalyst only in 
the beginning of the reaction, at conversion not exceeding 
10% (Figure S12). It should also be noted, that the 
literature data are referred mostly to the homogeneous 
catalysts, tested at the ambient temperature and 
pressure[18, 21, 34b, 61]. 

 

At the same time, unexpectedly high selectivity on 
cyclooctenes was revealed in the presence of meso-G2-dendr-
Si-Pd catalyst. Herein 1,3-cyclooctadiene, for which the 
induction period was observed (Figure S13), gave 
predominantly trans-cyclooctene with the selectivity of 85–90% 
at conversion of 44–46% within 0.5–1 hour. Trans-cyclooctene 
formation may originate from simultaneous adsorption of 1,3-
cyclooctadiene on both C=C double bonds.[62] Vice versa, 1,5-
cyclooctadiene gave predominantly cis-cyclooctene with the 
selectivity of 80–90% in the beginning of the reaction (Figure 
S14, Table S8), that was the result of the adsorption only by 
one C=C bond. Nonetheless, this cis-cyclooctene, due to its 
configuration, suitable for readsorption, easily underwent further 
hydrogenation to cyclooctane: the portion of the latter reached 
92% at 1,5-cyclooctadiene conversion of 22% within 1 hour.   

The results, obtained for meso-G2-dendr-Si-Pd, may 
elucidate the main features of cyclooctadiene hydrogenation in 
the presence of other dendrimer-based heterogeneous 
catalysts. Indeed, in the presence of severely hindered G3-
dendr-SiO2-Pd catalyst 1,3-cyclooctadiene have not enough 
space for simultaneous adsorption on both two C=C double 
bonds; as a consequence, its hydrogenations proceeds similar 

to 1,5-cyclooctadiene, with the formation of cis-cyclooctene as 
an intermediate product. The latter, being as less stable, tense 
cycle, fast undergoes the subsequent hydrogenation to 
cyclooctane, possibly without desorption and readsorption act 
(maintaining as adsorbed species on Pd surface). 

Hydrogenation in the presence of mesoporous, less 
hindered G2-dendr-meso-SiO2-Pd catalyst apparently proceeds 
in the same way. It may indicate, that Pd nanoparticles in this 
sample, though less intricated by dendrimer branches, 
nonetheless, have similar environment and shape, interfering 
the simultaneous double adsorption for 1,3-cyclooctadiene. 
Thereafter, meso-G2-dendr-Si-Pd has respectively to consist of 
ensembles (Figure S15), similar to those in homogeneous 
catalysts, providing the selective formation of cyclooctene. 

Hydrogenation of flexible linear or branched conjugated 
dienes, such as isoprene or 2,5-dimethyl-2,4-hexadiene, 
proceeded according Scheme 5. Herein the product distribution 
was determined by the stability of corresponding π-allyl 
intermediates (Figure S16), being formed at the first stage of 
hydrogenation, and was additionally affected by such factors, 
as mean particle size, local ligand/Pd ratio etc.[62] 
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Scheme 5. Product distribution in the hydrogenation of conjugated dienes in the presence of the dendrimer-based organo-silica palladium nanocatalysts. 

 

The use of lower substrate/Pd ratios as well as increase in 
hydrogen pressures favoured to thermodynamic reaction 
control, resulting in increased portions for corresponding alkane 
and thermodynamically the most stable internal alkene, being 
the products of 1,4-addition (2-methyl-2-butene, 2,5-dimethyl-
trans-3-hexene) (Tables S6–S8), while the rise of substrate/Pd 
ratio furthered correspondingly to increased portions for 1,2-
addition products, being thermodynamically less stable terminal 
alkenes (2-methyl-1- and 3-methyl-1-butenes) or cis-isomers of 
internal alkenes (2,5-dimethyl-cis-3-hexene) (Tables S6–S8). In 
the last case the substrate, being in large excess, easily 
replaced olefin formed. As a result, the latter is desorbed 
without undergoing further hydrogenation or isomerization.[43, 63] 
On the other hand, thermodynamically less stable products of 
the kinetic control, as a rule, sterically less hindered (2-methyl-
1- and 3-methyl-1-butenes) and geometrically more suitable for 
readsorption (2,5-dimethyl-cis-3-hexene), were subjected to 
hydrogenation in the first instance. In the case of symmetrical 
and cyclic 1,3-cyclohexadiene both 1,2- and 1,4-hydrogene 
addition result to the same product, cyclohexene (Figure S16).   

It should be noted, that the presence of PPI dendrimers as 
anchored ligands allowed not only to avoid the diene 
chemisorption and, as a consequence, polymerization and 
substrate inhibition, typical for small particles (< 4 nm), 
especially at high substrate/Pd ratios [62], but also to maintain 
high total selectivity on olefins (90–99%) (Tables S6–S8). PPI 
dendrimers, due to the electron-donor properties of their amino 
groups not only displace alkene formed from palladium surface, 
but also prevent readsorption of the latter (olefins are less 
electron rich in contrast to conjugated dienes), thus preventing 
the coke formation and polymerization of substrate and its 
semi-hydrogenation products.[64]  

The activity of the catalysts synthesized in the 
hydrogenation of conjugated dienes decreased in the following 
order: G3-dendr-SiO2-Pd > G2-dendr-meso-SiO2-Pd >> meso-
G2-dendr-Si-Pd (Figure 10). For mesoporous G2-dendr-meso-

SiO2-Pd and meso-G2-dendr-Si-Pd catalysts size and geometry 
of the substrate appeared as main factors, determining the 
exposure of the latter to hydrogenation (Figure 10). Therefore, 
small 1,3-cyclohexadiene with rigid geometry (rotation of C=C 
double bonds is impossible) underwent hydrogenation faster, 
than others. Also small isoprene, but containing a substituent in 
central position at C=C double bond, was interfered to adsorb 
and, as a result, hydrogenated more slowly. Respectively, more 
hindered 2,5-dimethyl-2,4-hexadiene was more inferior to 
isoprene in the tend to hydrogenation. At such size and 
structure dependency it is obvious the poor activity of 
heterogeneous dendrimer-based catalysts in the hydrogenation 
of cyclooctadienes (Figure 10). For G2-dendr-meso-SiO2-Pd the 
thermodynamic control was predominant, resulting in higher 
portions for the products of 1,4-addition even at highest 
substrate/Pd ratios (Table S6).  

As earlier for styrenes and alkynes, the electron factors 
appeared as the crucial, when G3-dendr-SiO2-Pd was used as 
the catalyst, even overbalancing the sterical factors, being 
expectable as more important for catalyst with such hindered 
structure. Thus, we can see, that the most substituted 2,5-
dimethyl-2,4-hexadiene, being able to form the most stable π-
allyl intermediates (Figure S16), was hydrogenated with the 
efficacy, just slightly superior to that for less substituted 
isoprene (Figure 10). The last, in its turn, was slightly superior 
to 1,3-cyclohexadiene, which cannot form tertiary, the most 
stable π-allyl intermediates (Figure S16). This tendency for G3-
dendr-SiO2-Pd catalyst to interact better with donor substrates, 
able to form more stable intermediates, we attribute to the 
predominance of small particles (Figure 6), characterized by the 
partial positive charge on the surface.[62] G3-dendr-SiO2-Pd was 
influenced by the kinetic control, appearing in higher portions 
for the products of 1,2-addition not only at highest substrate/Pd 
ratios (Table S7).  
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Figure 11. Recycling of G3-dendr-SiO2-Pd in the hydrogenation of 1,3-cyclohexadiene. 

Reaction conditions: 0.5 mg of cat., 750 μL of the substrate (substrate/Pd ≈ 25005), 15 
min., 80 0C, 10 atm. of H2.  

G3-dendr-SiO2-Pd was tested on the possibility of 
diene recycling on the example of 1,3-cyclohexadiene 
(Figure 11). The recycling test revealed the slight, 
gradual decrease of activity, that might be caused by 
the mechanical losses of the catalyst under the 
conditions, at which reaction becomes sensitive even 
to slight increase in substrate/Pd ratio. Herein the 
selectivity on cyclohexene maintained at 96–98%. 
Total turnover number for six cycles reached 125405. 

Increase in hydrogen pressure up to 30 atm. 
allowed to increase TOF values in diene 
hydrogenation by 1.3–1.7 times for G2-dendr-meso-
SiO2-Pd and by 2.4–3 times for G3-dendr-SiO2-Pd 
(Figure 10, Tables S6 and S7). Herein the total 
selectivity on olefin maintained still high, dropping only 
by 1–5%. Analogous tendency was also the 
characteristic of alkyne hydrogenation in the presence 
of the dendrimer-based organo-silica Pd 
nanocatalysts, studied in this work (Tables S3–S5). 
This compares favourably with traditional 
heterogeneous Pd catalysts (including Lindlar 
catalyst), as a rule, sharply losing in selectivity at a 
hydrogen pressure increased.[65] 

At the same time, in the case of meso-G2-dendr-
Si-Pd, increase in hydrogen pressure did not result in 
the sufficient rise of efficacy (only by 1–1.2 times), 
when isoprene and 2,5-dimethyl-2,4-hexadiene were 
used as substrates (Figure 10, Table S8). 
 

 

We assume, it may be connected with the adsorption 
features or nanoparticle local microenvironment, interfering the 
efficient hydrogenation (and simultaneously providing high 
selectivity on cyclooctene, when 1,3-cyclooctadiene was used 
as the substrate). In general, meso-G2-dendr-Si-Pd appeared 
as poor catalyst for conjugated diene hydrogenation as 
compared with G2-dendr-meso-SiO2-Pd and G3-dendr-SiO2-Pd. 
It tended to thermodynamic control in 2,5-dimethyl-2,4-
hexadiene hydrogenation, resulting in higher portions for the 
products of 1,4-addition even at highest substrate/Pd ratios 

(Table S8), and to kinetic control in the isoprene hydrogenation, 
giving to portions of 2-methyl-1-butene, 3-methyl-1-butene and 
2-methyl-2-butene, close to the classical 1:1:2 (Table S8).[62] 

Hydrogenation of unconjugated dicyclopentadiene 
proceeded stepwise (Scheme 6).[32a] The double bond, located 
opposite to the methylene bridge, primarily underwent 
hydrogenation due to its less sterical hindrance and geometrical 
strain (Figure 12).[32a, 66] Herein the configuration of initial 
dicyclopentadiene was retained. 
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Scheme 6. Stepwise hydrogenation of dicyclopentadiene in the presence of Pd catalysts. [32a] 
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Figure 12. Adsorption of dicyclopentadiene molecule on the surface of 
palladium nanoparticle, stabilized by PPI dendrimers [32a]. 

In contrast to the earlier published heterogeneous Pd 
catalysts, based on the dendrimer networks[32a], organo-silica 
Pd catalysts appeared much higher activity in the 
dicyclopentadiene hydrogenation along with the lowered 
selectivity on dihydrodicyclopentadiene (Tables 6 and 7). Thus, 
the portion of tetrahydrodicyclopentadiene, the product of 
exhausting hydrogenation of dicyclopentadiene, in the presence 

of G2-dendr-meso-SiO2-Pd catalyst reached 95% within 15 
minutes at molar substrate/Pd ratio of ~2655 and 10 atm. of 
hydrogen (Table 6), while in the presence of Pd nanoparticles, 
encapsulated into dendritic networks it was only 5–10% even at 
less substrate/Pd ratios.[32a] Increase in the latter led to the 
corresponding increase in dihydrodicyclopentadiene portion; 
nonetheless, there also took place the abrupt downfall in 
conversion (Table 6). 

The use of G3-dendr-SiO2-Pd catalyst, containing in its 
structure more hindered dendrimers of the 3rd generation with 
larger amount of donor amino groups, allowed to achieve the 
higher selectivity on dihydrodicyclopentadiene (~95%) at near 
to quantitative conversions of dicyclopentadiene (~95%) within 
15 minutes (Table 7). However, this dihydrodicyclopentadiene 
easily underwent the subsequent hydrogenation to 
tetrahydrodicyclopentadiene with the prolonged reaction time 
(Figure 13), that was typical for traditional supported Pd 
catalysts (Pd/C, Pd/Al2O3 and Pd/SiO2).[67] 

Another feature of the dendrimer-based organo-silica Pd 
catalysts in the hydrogenation of dicyclopentadiene was the 
high portion of retro-diene decay. In the case of G2-dendr-
meso-SiO2-Pd it reached 32% and appeared only at highest 
substrate/Pd ratios and the lowest dicyclopentadiene 
conversions (Table 6). When G3-dendr-SiO2-Pd used as the 
catalyst, a small portion of the retro-diene decay appeared even 
at quantitative dicyclopentadiene conversions and initially 
sharply increased with the increase in substrate/Pd ratio (the 
maximum of 30% was observed at substrate/Pd ~ 18020) and 
then abruptly downfall (Table 7). Increase in hydrogen pressure 
led to the decrease in the retro-diene decay portion (Table 7). 

Hence, one may assume, that retro-diene decay occurs on 
the walls of silica pores, possessing a some of acidity. For its 
appearance the highest substrate/Pd ratio is required, when the 
mesoporous material G2-dendr-meso-SiO2-Pd is used as the 
catalyst. For much more hindered microporous G3-dendr-SiO2-
Pd it appears already at low and moderate substrate/Pd ratios, 
however the further increase in substrate/Pd ratio presumably 
results in displacement of the adsorbed species from the carrier 
surface before they succeed to undergo retro-diene decay. 

 
 

Table 6. Hydrogenation of dicyclopentadiene in the presence of G2-dendr-meso-SiO2-Pd catalyst [a] 

Entry 
Substrate/Pd 

(mol/mol) 
Conv., % TOF, h-1 Product distribution, % 

1 2655 100 10620 
Dihydrodicyclopentadiene 5% 
Tetrahydrodicyclopentadiene 95% 

2 5310 100 21240 
Dihydrodicyclopentadiene 28.5% 
Tetrahydrodicyclopentadiene 71.5% 

3 10620 99.5 42265 
Dihydrodicyclopentadiene 57% 
Tetrahydrodicyclopentadiene 43% 

4 21240 96 81560 
Dihydrodicyclopentadiene 85.5% 
Tetrahydrodicyclopentadiene 14.5% 

5 42480 31.5 53525 
Dihydrodicyclopentadiene 93% 
Tetrahydrodicyclopentadiene 7% 

6 70800 18 50975 

Dihydrodicyclopentadiene 62% 
Tetrahydrodicyclopentadiene 6% 
Cyclopentadiene 1% 
Cyclopentene 23% 
Cyclopentane 8% 

[a] Reaction conditions are: 80 0C, 10 atm. of H2, 15 min. 
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Table 7. Hydrogenation of dicyclopentadiene in the presence of G3-dendr-SiO2-Pd catalyst [a] 

Entry 
Substrate/Pd 

(mol/mol) 
P (H2), 
atm. 

Conv., % TOF, h-1 Product distribution, % 

1 3005 10 99.5 11955 
Dihydrodicyclopentadiene 42% 
Tetrahydrodicyclopentadiene 55.5% 
Retro-diene decay 2.5% 

2 6010 10 99.5 23910 
Dihydrodicyclopentadiene 69% 
Tetrahydrodicyclopentadiene 17.5% 
Retro-diene decay 13.5% 

3 18020 10 98 70645 
Dihydrodicyclopentadiene 66% 
Tetrahydrodicyclopentadiene 4% 
Retro-diene decay 30% 

4 24030 10 94 90350 
Dihydrodicyclopentadiene 94% 
Tetrahydrodicyclopentadiene 4.5% 
Retro-diene decay 1.5% 

5 48060 10 41 59115 
Dihydrodicyclopentadiene 95% 
Tetrahydrodicyclopentadiene 3% 
Retro-diene decay 2% 

6 48060 30 70 100925 
Dihydrodicyclopentadiene 90% 
Tetrahydrodicyclopentadiene 9% 
Retro-diene decay 1% 

7 64080 10 13 24990 
Dihydrodicyclopentadiene 90.5% 
Tetrahydrodicyclopentadiene 2.5% 
Retro-diene decay 7% 

8 64080 30 51 98040 
Dihydrodicyclopentadiene 93% 
Tetrahydrodicyclopentadiene 5% 
Retro-diene decay 2% 

[a] Reaction conditions are: 80 0C, 15 min. 
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Figure 13. Hydrogenation kinetics of dicyclopentadiene in the presence of G3-dendr-SiO2-Pd 
catalyst. Reaction conditions are: 80 0C, 10 atm. of H2. 

Conclusions 

New hybrid organo-silica Pd-containing nanocatalysts, based on 
poly(propylene imine) dendrimers, have been synthesized using co-

hydrolysis of the silane-modified dendrimer 
moieties in situ. Herein the synthesis can be 
performed either with or without addition of 
tetraethoxysilane, in the presence or in the 
absence of polymeric template.  

Thus prepared catalysts were examinated in 
the hydrogenation of various unsaturated 
compounds: styrenes, alkynes and dienes. The 
activity and selectivity of these catalysts were 
found to depend on the carrier structure, substrate 
size and geometry, as well as electron properties.  

Microporous G3-dendr-SiO2-Pd, based on PPI 
dendrimes of the 3rd generation and synthesized 
with the addition of tetraethoxysilane, but in the 
absence of template, appeared as the most active 
in terminal alkyne and flexible and small 
conjugated diene hydrogenation, reaching TOF 
values more than 400000 h-1 for 1-hexyne and 2,5-
dimethyl-2,4-hexadiene. Herein the high selectivity 
on alkene (90–99%) was maintained even at 
hydrogen pressure of 30 atm. The main feature of 
this catalyst was the predominance of small 
particles (~0.9–2 nm) in the structure and, as a 
consequence, the strong influence by the electron 
factors, resulting in the unexpectedly high activity 
for the bulky, long and hindered substrates with +I-
substituents, such as 4-tert-butylstyrene, 1-octyne 
and 2,5-dimethyl-2,4-hexadiene. 

Mesoporous G2-dendr-meso-SiO2-Pd catalyst, 
synthesized in presence of template with the 
addition of tetraethoxysilane, revealed the 
maximum activity in the hydrogenation of styrenes, 
reaching TOF values of abour 230000 h-1. Due to 
the larger particle size and much larger pore 
diameter, as well as due to the highest portion of 
Pd0 on the nanoparticle surface, it favoured to the 
quantitative conversions for bulky and rigid 
substrates with –M-substituents, such as trans-
stilbene, 4-phenylstyrene and 1,1-diphenyl 
ethylene. 
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The catalyst meso-G2-dendr-Si-Pd, prepared in presence of 
template, but without addition of tetraethoxysilane, appeared as 
significantly inferior both to G2-dendr-meso-SiO2-Pd and G3-
dendr-SiO2-Pd in its efficiency. At the same time it was the only 
catalyst, providing the trans-cyclooctene formation with the 
selectivity of 90–95%, having elucidated the mechanism of 
cyclooctadiene hydrogenation. This makes it similar to both 
homogeneous and heterogeneous dendrimer-based catalysts, 
described in literature.  

Pd-containing dendrimer-based organo-silica nanocatalysts 
can be easily separated from the reaction products and reused 
several times without significant loss in activity. However their 
apparent stability depends on the reaction sensitivity to the 
substrate/Pd ratio. 

Experimental Section 

Chemicals 

The following substances were used as substrates and reference 
compounds: phenylacetylene C6H5CH≡CH (Aldrich, 98%); styrene 
C6H5CH=CH2 (Aldrich, ≥ 99%); ethylbenzene C6H5CH2CH3 (Reachim, 
Purum); p-methylstyrene p-CH3C6H4CH=CH2 (Aldrich, 96%); p-tert-
butylstyrene p-(CH3)3CC6H4CH=CH2 (Aldrich, 94%); 2,5-dimethyl-2,4-
hexadiene (CH3)2C=CH–CH=C(CH3)2 (Aldrich, 98%); isoprene H2C=C(CH3)–
CH=CH2 (Aldrich, 99%); 1,3-cyclohexadiene (Aldrich, 97%); 
dicyclopentadiene C10H12 (Aldrich, 97%). 

Ethanol C2H5OH (IREA 2000, Analytical Grade), methanol (Acros 
Organics, 99.9%), chloroform CHCl3 (Chimmed, Reagent Grade) and n-
hexane n-C6H14 (Chimmed, Reagent Grade) were used as solvents. 

For the synthesis of hybrid dendrimer-based catalysts the following 
substances were used: Pd acetate (II) Pd(OAc)2 (Aldrich, 99.9%); 
poly(propylene imine) (PPI) dendrimers of the 2nd generation with a 
diaminobutane core DAB(NH2)8, earlier prepared according to literature 
procedure[68]; (3-glycidoxypropyl)trimethoxysilane (Acros Organics, ≥ 97%); 
poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) 
with the average number molecular weight Mn of 5800 
HO(CH2CH2O)20(CH2CH(CH3)O)70(CH2CH2O)20H (Pluronic P123, Aldrich); 
microporous G3-dendr-SiO2 and mesoporous G2-dendr-meso-SiO2 carriers, 
synthesized earlier according to the published procedure.[46]  

Analyses and Instrumentations 

Analysis by transmission electron microscopy (TEM) was conducted using a 
LEO912 AB OMEGA microscope with electron tube voltage of 100 kV. The 
count of particles and calculation of mean particle size was performed by 
processing the obtained micro-images using the “Image J” program. High 
resolution transmission electron microscopy (HRTEM) was performed using a 
JEM-2100 microscope with an electron tube voltage of 200 kV (LaB6 
cathode). The d-spacing of the metal nanoparticles was made by means of 
fast Fourier transforms of the micrographs obtained, using the “Image J” 
program. 

X-ray photoelectron spectroscopy (XPS) analysis was carried out on 
Kratos Axis Ultra DLD and LAS-3000 instruments equipped with an OPX-150 
hemispherical retarding-field electron-energy analyzer. The X-radiation of an 
aluminum anode (Al K = 1486.6 eV) was used for the excitation of 
photoelectrons at a tube voltage of 12 kV and an emission current of 20 mA. 
Photoelectron peaks were calibrated on the C 1s line of carbon with a binding 
energy of 284.8 eV. Deconvolution of palladium peaks was processed with 
the PeakFit 4.11 program using the Gauss–Lorentz–Ampere approximation. 

The quantitative determination of palladium in the samples was 
performed by atomic emission spectrometry with inductively coupled plasma 
(ICP AES) by means of IRIS Interpid II XPL instrument (Thermo Electron 
Corp., USA) with both radial and axial viewings at wavelengths of 310 and 
95.5 nm. 

Analysis by means of nitrogen low-temperature adsorption and 
desorption was carried out on a Gemini VII 2390 instrument. Nitrogen 
adsorption–desorption isotherms were obtained at 77 K. The samples being 
analyzed were previously outgassed at 150 0C for 12 h. Surface area 
measurements were performed according to the Brunauer–Emmett–Teller 
(BET) method from nitrogen adsorption points in the range P/P0 = 0.05–0.2. 
Pore size distribution was calculated using the Barrett–Joyner–Halenda 
model (BJH). The diameter corresponding to the maximum of the pore size 
distribution curve was suggested as the average pore size. Total pore volume 
was obtained at a relative pressure P/P0 of 0.985. 

A ChromPack CP9001 gas chromatograph, equipped with a capillary 
column (SE-30 grafted phase, 30 m × 0.2 mm) and flame-ionization detector, 
was used for analysis of substrates and reaction products. Chromatograms 
were recorded and analyzed on a computer with the use of the Maestro 1.4 
software. Conversion was determined by changes in the relative peak areas 
(in %) of the substrates and products. 

Synthetic procedures for porous hybrid dendrimer-based materials  

The synthesis of meso-G2-dendr-Si network.[69] The synthesis of mesoporous 
dendrimer-based material was performed according to the following 
procedure Into a 25 mL single-neck round-bottom flask, equipped with a 
magnetic stirrer and a reflux condenser, 1.33 g (1.7 mmol) of DAB(NH2)8 
dendrimer and 5 mL of ethanol were placed. Then 1.52 mL (6.9 mmol) of (3-
glycidoxypropyl)triethoxysilane were added dropwise at room temperature, 
while stirring. Reaction was carried out at 80 0C for 2 h while stirring and the 
flask contents gradually turned into an orange glass-like mass, that on a 
rotary evaporator, giving an insoluble residue, weighing 3.3 g.  

For the next stage of the synthesis, 2.5 g of Pluronic P123 were placed 
into a 100 mL glass beaker, containing a solution of 90 mL of deionized water 
and 0.55 mL of concentrated hydrochloric acid (Sigma-Tech, Chemical 
Grade). The mixture obtained was subjected to stirring at 50 0C for 3 h, 
gradually growing turbid. After that the previously obtained and ground 
modified dendrimer was added to the resultant colloid solution of polymer, 
followed by stirring for 3 h. at 50 0C, resulting in red-orange residue. This 
residue was further stored in a drying chamber for 3 h with a gradual 
temperature increase from 60 to 110 0C, and after that it was subjected to 
stirring with 25 mL of water and 100 mL of ethanol at 70 0C, to wash out the 
polymer. Then the residue obtained was subjected to centrifugation and dried 
in the air. The product was isolated as a fluffy yellow powder, weighing 3.25 
g. 

XPS: 285.8 (C 1s, 67.6%); 399.4 (N 1s, 16.1%); 532.7 (O 1s, 16.3%). 
13C NMR (δ, ppm): 74 (-OCH2CH2OCH2); 68 (-(CH2)2CHOH); 65 

(SiCH2CH2CH2O); 53 (NCH2CH2CH2CH2N); 51 (NCH2CH2CH2N, 
NHCH2CH2O); 47 (NCH2CH2CH2NHCH2-); 38 (NCH2CH2CH2NH2); 22 
(NCH2CH2CH2N, NCH2CH2CH2CH2N, SiCH2CH2CH2O); 9.6 
(SiCH2CH2CH2O). 

The synthesis of G3-dendr-SiO2-Pd catalyst.[43] In a 25 mL single neck round-
bottom flask, equipped with magnetic stirrer and reflux condenser, 500 mg of 
the microporous hybrid G3-dendr-SiO2 carrier and 5 mL of chloroform were 
placed. Then 100 mg (0.45 mmol) of Pd(OAc)2 in 5 mL of chloroform were 
added to the resulting suspension while stirring. The reaction was carried out 
for 6 h at 70 °C. The color of the reaction mixture changed from red-ocher to 
brown-black. After reaction, the suspension was evaporated in a rotary 
evaporator at 50 °C. The resulting material was a grey-brown powder 
weighing 562 mg (yield of 93.5%). 

To reduce Pd (II) to Pd (0), 562 mg of the earlier obtained catalyst 
precursor, 7 mL of chloroform and 3 mL of methanol were placed to a 25 mL 
single neck round-bottom flask, equipped with magnetic stirrer and reflux 
condenser. Then 171 mg (4.5 mmol) of sodium borohydride were portion-
wise added to the suspension obtained while stirring. The reaction mixture 
rapidly turned black and gas evolution was observed. The reaction was 
carried out for 6 h at 70 °C. After the reaction, the resulting solid mixture was 
washed with water and methanol to remove sodium tetraborate, and the 
residue isolated by centrifugation and dried in the air. The resulting material 
was a black powder weighing 494 mg (yield of 90%). 

XPS (eV): 102.9 (SiO2, Si 2p, 15.9%); 283.6 (OCH2CH2CH2Si, C 1s, 
3.8%), 284.7 (NCH2CH2CH2N, NCH2CH2CH2CH2N, OCH2CH2CH2Si, C 1s, 
6.2%), 286.4 (NCH2CH2CH2N, OCH2CH2CH2Si, OCH2CH2O/N, C 1s, 14.6%), 
288.2 (-O–C–O-, -CH2CH2O→PdOx, C 1s, 2.9%), 289.4 (orthoester, epoxide 
or NCH2CH2CH2N/OCH2CH2O (sat), C 1s, 0.9%); 335.8 (Pd0, Pd 3d5/2, 1.7%), 
337.4 (PdO, Pd 3d5/2, 1.3%), 338.7 (Pd (II) N-bound, Pd 3d5/2, 0.1%), 341.6 
(Pd0, Pd 3d3/2), 343.2 (PdO, Pd 3d3/2), 344.4 (Pd (II) N-bound, Pd 3d3/2); 398.7 
(NCH2CH2CH2N, NCH2CH2CH2NH2, N 1s, 0.7%), 399.9 (CH2NH2→Pd0, -
CH2NH2→Pdδ+, N 1s, 1.5%), 401.1 (NH3R+, -CH=NH+-, N 1s, 1.3%), 402.5 
(NHR3

+, R3N+→O-, N 1s, 0.5%), 404.4 (R3N+→O-, N 1s, 0.05%), 405.8 (N 1s 
(sat), 0.1%); 531.1 (PdOx, O 1s, 3.9%), 532.8 (OCH2CH2O, SiO2, O 1s, 
17.7%), 534.4 (SiO2, -CH2O→Pdδ+, N/O…H2O, O 1s, 15.4%), 536.0 (ordered 
H2O, O 1s, 9.1%), 537.8 (O 1s (sat), 2.4%). 

13C NMR (δ, ppm): 73 (-OCH2CH2OCH2-); 66 (-(CH2)2CHOH); 57 
(NCH2CH2CH2CH2N); 51 (NCH2CH2CH2N, NHCH2CH2O); 46 
(NCH2CH2CH2NHCH2-); 33 (NCH2CH2CH2NH2); 23 (NCH2CH2CH2N, 
NCH2CH2CH2CH2N); 16 (SiCH2CH2CH2O); 9.6 (SiCH2CH2CH2O). 

ICP-AES: 6.70% wt. of Pd. 
 
The synthesis of G2-dendr-meso-SiO2-Pd catalyst.[43] The synthesis was 
performed similar to the previously described procedure. 1000 mg of 
mesoporous hybrid G2-dendr-meso-SiO2 carrier and 215 mg (0.96 mmol) of 
Pd(OAc)2 in 15 mL of chloroform were taken as initial substances. The 
reaction was carried out for 12 h at 70 °C. To reduce Pd (II) to Pd (0), the 
resulting intermediate product (847 mg), isolated as yellow-brown powder, 
was introduced into reaction with 365 mg (9.6 mmol) of sodium borohydride in 
a mixture of 10 mL of chloroform and 5 mL of ethanol. The weight of the end 
product, isolated as a black powder, was 926 mg (71%). 

XPS (eV): 103.1 (SiO2, Si 2p, 13.1%), 153.5 (SiO2, Si 2s); 284.8 
(NCH2CH2CH2N, NCH2CH2CH2CH2N, OCH2CH2CH2Si, C 1s, 13.6%), 286.3 
(NCH2CH2CH2N, OCH2CH2CH2Si, OCH2CH2O/N, C 1s, 15.1%), 288.0 (-O–
C–O-, -CH2CH2O→PdOx, C 1s, 3.4%); 335.2 (Pd0, Pd 3d5/2, 1.70%), 336.5 
(PdOx/Pd, Pd 3d5/2, 0.5%), 338.0 (Pd2+, PdOx, Pd 3d5/2, 0.4%), 339.0 (Pd (II) 
N-bound, Pd 3d5/2, 0.1%), 340.5 (Pd0, Pd 3d3/2), 341.6 (PdOx/Pd, Pd 3d3/2), 
343.1 (Pd2+, PdOx, Pd 3d3/2), 344.2 (Pd (II) N-bound, Pd 3d3/2), 345.7 (Pd2+, 
Pd 3d3/2 sat); 397.6 (-C=N–C-, -N≡Pdads, N 1s, 0.2%), 399.9 (NCH2CH2CH2N, 
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OCH2CH2NHCH2-, (-CH2NH2→Pd0, -CH2NH2→Pdδ+, N 1s, 2.9%), 402.0 
(NHR3

+, [-CH=NH-]+, N 1s, 0.5%); 532.8 (OCH2CH2O, SiO2, O 1s, 48.2%). 
13C NMR (δ, ppm): 75 (-OCH2CH2OCH2); 57 (NCH2CH2CH2N, 

NCH2CH2CH2CH2N, NHCH2CH2O, br); 51 (NCH2CH2CH2NHCH2-, br); 33 
(NCH2CH2CH2NH2, br); 25 (NCH2CH2CH2N, NCH2CH2CH2CH2N); 15 
(SiCH2CH2CH2O); 8 (SiCH2CH2CH2O). 

ICP-AES: 7.58% wt. of Pd. 

The synthesis of meso-G2-dendr-Si-Pd catalyst.[43] The synthesis was carried 
out using a previously described procedure. 500 mg of meso-G2-dendr-Si 
network and 262 mg (1.17 mmol) of Pd(OAc)2 in 15 mL of chloroform were 
taken as initial substances. The reaction was carried out for 6 h at 70 °C. To 
reduce Pd (II) to Pd (0), the resulting intermediate product (500 mg), isolated 
as dark-brown powder, was introduced into reaction with 443 mg (11.66 
mmol) of sodium borohydride in a mixture of 10 mL of chloroform and 5 mL of 
ethanol. The weight of the end product, isolated as a black powder, was 430 
mg (69%). 

XPS (eV): 284.3 (NCH2CH2CH2N, NCH2CH2CH2CH2N, OCH2CH2CH2Si, 
OCH2CH2CH2Si, C 1s, 13.6%), 286.3 (NCH2CH2CH2N, OCH2CH2CH2Si, 
OCH2CH2O/N, C 1s, 32.4%), 288.2 (-O–C–O-, -CH2CH2O→PdOx, C 1s, 
11.0%), 290.1 (-C(OCH2-)3 or NCH2CH2CH2N/OCH2CH2O (sat), C 1s, 5.4%); 
335.3 (Pd0, Pd 3d5/2, 0.6%), 336.6 (PdOx/Pd, Pd 3d5/2, 1.0%), 337.8 (Pd2+, 
PdOx, Pd 3d5/2, 0.7%), 340.6 (Pd0, Pd 3d3/2), 341.6 (PdOx/Pd, Pd 3d3/2), 342.6 
(Pd2+, PdOx, Pd 3d3/2); 398.0 (-C=N–C-, -N≡Pdads, N 1s, 2.2%), 399.3 
(NCH2CH2CH2N, OCH2CH2NHCH2-, N 1s, 11.2%), 400.4 (-CH2NH2→Pd0, -
CH2NH2→Pdδ+, N 1s, 3.2%), 401.4 (NH3R+, -CH=NH+-, N 1s, 0.4%), 403.8 
(R3N+→O-, N 1s, 1.2%), 405.0 (N 1s (sat), 0.4%); 530.1 (O 1s, PdOx/Pd, 
0.9%), 531.2 (PdOx, O 1s, 1.4%), 532.5 (OCH2CH2O, SiO2, O 1s, 12.2%), 
533.7 (SiO2, -CH2O→Pdδ+, 1s, 1.4%), 534.7(N/O…H2O, O 1s, 0.7%).  

ICP-AES: 7.71% wt. of Pd. 

Protocol for the Catalytic Experiments 

A catalyst and a substrate in a required ratio were placed into a 
thermostatically controlled steel autoclave, equipped with an insertion tube 
and a magnetic stirrer. If the solid substrate was used (4-phenylstyrene, 
trans-stilbene), a toluene as a solvent was added with a concentration of 2 μL 
of the solvent per 1 mg of the substrate. The autoclave was tightly closed, 
filled with hydrogen to a required pressure, and connected to a thermostat. 
The reaction was carried out at 80 0C with intense stirring for a required time, 
after which the reactor was cooled below room temperature. The reaction 
products were analyzed by means of gas–liquid chromatography. 

Activity of the catalysts (TOF = turnover frequency) was calculated as the 
amount of reacted substrate (νsubstr) per mole of metal (νPd) per unit of time: 
 

𝑇𝑂𝐹 =  
𝜈𝑠𝑢𝑏𝑠𝑡𝑟 × 𝜔

𝜈𝑃𝑑 × 𝑡
 

 
where ω is substrate conversion, expressed in the unit fractions. Herein t is 
the minimal reaction time, for which the reaction progress is measured.  

The re-use of dendrimer-based Pd hybrid catalysts was conducted as 
follows. The desired amounts of catalysts and substrate were placed in a 
thermostatically controlled steel autoclave equipped with a glass insertion 
tube and a magnetic stirrer. The autoclave was tightly closed and filled with 
hydrogen up to a pressure of 30 atm. and then connected to the thermostat. 
The reaction was carried out at 80 0C with intense stirring for 15 min. After the 
reaction completed, the stirring was turned off and the autoclave was cooled 
below room temperature in a cold water bath and opened. The reaction 
mixture was diluted with ∼2 mL of hexane for the better sedimentation of the 
catalyst and allowed to stand for 20–30 min. The solution with reaction 
products was separated by decantation and analyzed by gas–liquid 
chromatography. Catalyst, remained in the test tube, was repeatedly used 
without additional loading or purification. 
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