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Features, advantages and limitations associated with palladium catalysts deposited over various 

siliceous supports in different types of practically useful organic transformations are reviewed. 
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Abstract 

Palladium catalysts deposited over different types of silica (amorphous silica, mesoporous 

molecular sieves, solids obtained by co-condensation of silicate precursors and many others) modified 

with suitable donor moieties gained enormous importance due to their wide application as catalysts for 

cross-coupling and other synthetically useful organic reactions. This work provides an overview of the 

chemistry of silica-supported palladium catalysts in different types of organic transformations in order 

to present the major features, advantages and limitations of various supports and immobilised ligands. 

Introduction 

Palladium-catalysed cross-coupling reactions such as Heck, Suzuki-Miyaura, Stille, 

Sonogashira etc. have gained enormous importance during the last few decades since many valuable 

products can be efficiently synthesised using these reactions with high efficiency.1 In line with current 

challenges arising from the demands of industrial and fine chemistry, catalysts should exert not only 

high activity and selectivity to the target products, but they also have to be easily accessible (in terms 

of their price and synthesis), tolerant to the environment, stable (robust) and recyclable. In view of 

these requirements, solid catalysts appear to be suitable for large-scale applications rather than their 

homogeneous counterparts. Consequently, supported palladium catalysts represent promising targets in 

catalyst design not only due to their wide applicability in practically important reactions2 but also due 

to their chemical robustness, recyclability, environmental issues as well as economic aspects. 

With this regard, silicas fulfil many of the required criteria as suitable solid supports for 

deposited palladium catalysts. Moreover, silica materials are accessible in a broad variety differing in 

their structural and textural properties. Besides the commonly encountered amorphous representatives 
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 2

(such as conventional silica), one of the most important and relevant group of siliceous materials 

relevant to catalysis are mesoporous molecular sieves possessing large surface areas and void 

volumes.3-5 Pore diameters in most of such materials are in the range between two and few tens of 

nanometres allowing for anchoring of bulky catalytically active species onto the support. The majority 

of mesoporous materials possess structures of hexagonal (MCM-41,6 SBA-15,7 FSM-168) or cubic 

(MCM-48,9 KIT-6,10 SBA-1611) symmetry. In terms of porosity, the materials include those with 

disordered structures but uniform pore sizes (e.g. HMS,12 TUD-1,13 MSU14 etc.), mesoporous solids 

with (SBA-2, SBA-12, SBA-16) or without (SBA-15, MCM-48) large cages, and materials that also 

contain micropores in the walls of the mesopores (e.g. in SBA-15,15 KIT-616). Several mesoporous 

materials with similar symmetry can be viewed as small-mesopore and large-mesopore analogues, 

although they have been synthesised using different procedures. The examples are hexagonal MCM-41 

(pore size in the range 1.5 – 10 nm17) and SBA-15 (3.6 – 30 nm18, 19), or cubic MCM-48 (1.6 – 4.2 

nm20, 21) and KIT-6 (8 – 10 nm22). Yet another group of silica-based materials, which are potentially 

applicable as supports, is constituted by delaminated zeolitic materials, such as ITQ-223 and ITQ-6,24 

representing the so-called two-dimensional zeolites.25, 26 This structural diversity together with 

favourable chemical properties (stability, chemical inertness, accessibility to functional modifications 

etc.) render these materials very attractive for catalyst design as the basic critical parameters – overall 

structure and diameter of the pores – can be adjusted on purpose. 

Mesoporous molecular sieves based on silica or alumina are hydrothermally unstable at high 

reaction temperatures and also lack active sites, which in turn limit their potential for direct catalytic 

applications. On the other hand, the possibility to modify silica supports with different reagents allows 

the anchoring of various functional moieties and thus the preparation of active catalysts for a number 

of reactions.27-32 Furthermore, textural features of mesoporous molecular sieves offer a large potential 

for the direct or post-synthetic modification, such as the incorporation of active centres, grafting or 

immobilization of active species including metal complexes or organometallic substrates. 

In addition to silica, other types of supports can be used for anchoring of the Pd-complexes 

including metal-organic frameworks,33-35 magnetic supports,36-39 carbons,1, 40-42 and polymers43-45 . 

However, mentioned solids can possess such drawbacks as relatively low stability (metal-organic 

frameworks, activated carbons), lack of structural variability (magnetic nanoparticles) or restrictions 

for reuse (carbons, polymers). Therefore, owing to favourable properties (accessibility, stability, 

recyclability, variability and generally low prize), silicas seem to be one of the most promising 

materials for applications as solid supports. 
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 3

Since silica-based catalysts are mainly utilised in liquid-phase reactions, covalent bonding 

between the active species and the support surface is favoured in order to minimise the undesired 

leaching of the anchored groups and metal. There have been established several approaches towards 

the preparation of supported Pd-catalysts (Scheme 1). In general, the functional modification can be 

performed in one or several separate steps. In the one-step procedure, the substrate containing both the 

anchoring group (able to participate in the condensation with the surface silanol groups) and functional 

group linked to the metal must be assembled prior to the grafting onto the support. This method 

usually provides better defined materials with well-distributed active centres but can be complicated 

by undesired processes, e.g., interactions of the anchoring moiety with the precursor of the active 

component or, simply, by a difficult preparation of the precursor to be immobilised. If the multi-step 

procedure is employed, the selected support is firstly covalently modified with a functional reagent 

possessing the combination of an anchoring moiety and a functional group able to interact with the 

active catalyst component or another reagent used to construct metal-binding groups. After the 

modification of the support surface (and possible creation of the suitable functional group), the 

material is loaded with the respective metal precursor. The main drawback of this approach lies in the 

lack of control of the interaction between the active component and the modified support. The 

preparation of silica supports containing functional groups (either with the metal or not) can be 

performed either post-synthetically (grafting) or by direct synthesis using co-condensation method 

(Scheme 1). 

 

Scheme 1. One-step (right) and multi-step (left) routes to supported Pd-catalysts using post-

synthetic (grafting) and direct (co-condensations) ways for the formation of the support. 

The most frequently used modifying agent for either post-synthetic modification or co-

condensation is (3-aminopropyl)triethoxysilane (APTES), which is commercially available and 
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 4

comprises both the anchoring (alkoxysilyl) and functional (amino) groups. However, it should be born 

in mind that the condensation reactions of APTES as well as other trialkoxysilanes need not 

necessarily proceed completely (e.g., for steric reasons) and the resulting materials thus typically 

contain non-hydrolyzed SiOR moieties and unreacted SiOH groups at the support surface.46  

Importantly, the terminal amine group makes APTES a good entry towards other functional 

moieties (Fig. 1). In particular, the simplest set of these APTES-derived (directly of formally) 

modifiers is represented by linear or branched aliphatic amino-containing groups. Because of its 

simplicity and versatility, such substances have been widely used for immobilization of palladium 

species. Already in 1974, Čapka et al. prepared immobilised metal (Rh, Pt and Pd) catalysts by 

treatment of donor-functionalised inert supports (in particular, silica) with [3-

(dimethylamino)propyl]triethoxysilane and other anchoring groups.47 Later, Sharf et al.48 reported the 

preparation of ω-aminoalkyl modified supports by treatment of the conventional silica gel with 

H2N(CH2)nSi(OEt)3 (n = 1, 3), and their subsequent metalation with Na2[PdCl4]. Even polymeric 

aminoalkyl chain can be grafted onto the silica support as it was recently reported.49, 50 Nowadays, the 

materials containing linear or branched aliphatic amino-containing groups (Fig. 1) with anchored Pd 

are mainly utilised as catalysts for the Heck, Suzuki-Miyaura and other cross-coupling reactions.1 

Another type of successfully employed surface functional groups belongs to heterocyclic ones 

(N-heterocyclic in particular; Fig. 1). Supported catalysts possessing N-heterocyclic anchoring groups 

are mainly represented by materials bearing iminopyridyl (and similar heteroaryl-imino) substituents 

resulting by condensation of surface-bound 3-aminopropyl groups with 2-pyridinecarbaldehyde or 

other heterocyclic aldehydes.51 In general, other N-heterocyclic moieties can be used for metal 

anchoring52, 53 but they are relatively less commonly used for the preparation supported Pd catalysts. A 

number of different immobilised N-heterocyclic carbene (NHC) donors (Fig. 1) have been used for the 

anchoring of palladium resulting in the formation of highly active NHC-Pd catalysts for C–C bond 

coupling and other types of reactions.54-56 Recently, we have demonstrated that the aminopropyl 

groups at the surface are accessible also for conventional amidation reactions with functional 

carboxylic acids in the presence of peptide coupling agents.57, 58 The resulting functional supports 

containing the ≡Si(CH2)3NHCOCH2Y (Y = NMe2, SMe and PPh2) mixed-donor ligating groups were 

used to immobilise palladium and the catalysts were evaluated in various C-C bond forming 

reactions.59, 60 
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 5

 

Fig. 1. Examples of different types of anchoring groups utilised for the preparation of 

supported Pd catalysts. 

Besides the N-based anchoring modifiers, other donor groups (such as S-, P-, As-containing) 

can be also used. In this regards, sulphur-containing modifying groups, particularly those bearing 

terminal mercapto substituents, are among the most frequently utilised. Shimizu et al.61 reported the 

preparation of an SH-functionalised mesoporous silica FSM-16 by treatment with (3-

mercaptopropyl)triethoxysilane. A material based on amorphous silica was obtained by 

hydrolysis/condensation reaction of the same mercapto precursor with tetraethyl orthosilicate (TEOS). 

The sulphur ligands in the size-restricted mesopores of FSM-16 were the most effective for preventing 

aggregation of Pd species, which in turn resulted in a high durability and good recycling characteristics 

of the prepared supported catalysts.61 The interest in new catalysts deposited on solid supports 

equipped with phosphine donor moieties was undoubtedly stimulated by analogies with highly 

efficient homogeneous (molecular) transition metal-phosphine catalysts.62-64 However, the catalysts 

containing phosphine ligands are often unstable at higher temperatures and the procedures for their 

preparation are rather complicated since the synthesis of the phosphine ligands requires multi-step 

reactions sequences and an exclusion of possible oxidants (or temporary protection of the phosphorus 

centre).65, 66 As an example of an As-containing catalyst can serve silica-supported poly-[3-
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 6

(diphenylarsino)propyl]siloxane-palladium complex prepared via immobilization of (3-

chloropropyl)triethoxysilane on fumed silica, followed by treatment with potassium diphenylarsenide 

and then a palladium source.67 Most of the aforementioned supported materials bearing different types 

of donor groups exhibited high efficiency in cross-coupling reactions and could be recovered and 

reused.68 In addition to examples mentioned before, there are many reports dealing with the 

preparation of supported catalysts modified with multidonor moieties (as an example, see Fig. 1) 

consisting of several donor atoms in positions allowing for chelate coordination.69, 70 

Recent reports71, 72 have been devoted to the investigation of in situ transformations of 

palladium precatalysts before and during the catalytic reaction in order to elucidate the nature of the 

true active species in coupling reactions. It was established, that one of the most important parameters 

influencing the nature of the true form of the catalyst is the temperature, at which the system operates. 

Donor ligands (N-, S-, P-based) can be indeed a component of truly active, soluble palladium 

complexes in reactions like Heck or Suzuki-Miyaura coupling. However, reaction conditions, under 

which such ligands can influence the catalysis, are usually limited to temperatures below 80 °C.71 At 

temperatures above 120 °C, the palladium catalyst is rapidly reduced to Pd(0) having a strong tendency 

to form soluble colloids.72 After completion of the reaction cycle, Pd may participate in the next 

catalytic cycle or return to the colloidal system. When solid-supported Pd(0) particles were used, it 

was reported that the activity is associated with leached palladium species derived from the metal 

particles.73 After reaction, the “soluble palladium” was often observed to re-deposit on the solid 

support.74 In some cases, it has been suggested that the reaction occur on the palladium metal 

surface,75, 76 however no clear evidences have been presented that confirm the exceptional participation 

of palladium surface as true catalytic sites. 

Although many catalytic systems were assumed to be operate via mechanism involving the  

Pd(II)-Pd(IV) couple, there are no unambiguous data corroborating the involvement of this catalytic 

cycle in coupling reactions such as Suzuki-Miyaura, Heck or Sonogashira.77-79 The various reactions 

that potentially could proceed through the Pd(II)-Pd(IV) mechanism have been consistently shown to 

operate by a traditional Pd(0) – Pd(II) cycle.71 

The aim of this review is to provide an insight into the state-of-the-art in the field of the 

application of silica-supported palladium catalysts in different types of reactions (cross-coupling, 

carbonylation/carboxylation, redox processes etc.). Features, advantages and limitations associated 

with the various supports and ligating groups are discussed. The article is organised with respect to the 

reactions in which the catalyst were employed so as to allow for a comparison of different approaches 

towards the design of catalysts for a particular type of organic transformation, covering the literature 
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up to 2014. Although many examples of C–N, C–O and C–S coupling reactions catalysed by Pd 

anchored to solid supports have been reported,80-83 the C–C couplings still remain the main topic of 

interest at the moment. Hence, the main part of this review is devoted to C–C bond forming reactions 

though various C–X (X = O, N, S) couplings are also mentioned as they result in the formation of 

valuable functional molecules such as amides, esters, heterocyclic compounds, etc. 

Heck coupling 

The reaction of alkyl- or aryl-substituted alkenes containing at least one hydrogen atom at the 

C=C double bond with aryl, benzyl, and vinyl halides or triflates, which  proceeds under the formation 

of new C–C bond and affords a substituted alkene, is known as the Heck coupling (or Mizoroki-Heck 

reaction; Scheme 2). It is generally catalysed by palladium species generated in situ from various 

Pd(II) salts or complexes and requires bases (organic or inorganic) to neutralize the acid HX formed 

during the reaction.84 A wide range of functional groups, both in the alkene and in the halide, is 

compatible with the Heck coupling,84 which renders the reaction synthetically robust and thus 

practically widely applicable. Mechanism of the Heck reaction is still a matter of debate because it is 

not yet fully evidenced whether the Pd(0)/Pd(II) or the Pd(II)/Pd(IV) redox couple is involved in the 

catalytic cycle.85-87 One of the major drawbacks of the early catalytic systems was the precipitation of 

palladium black that limited the lifetime of the active species and, thereby, the overall catalytic 

efficacy. Consequently, numerous attempts have been made to circumvent these limitations by the 

development of new active molecular catalysts as well as through anchoring of the Pd species onto 

solid supports. 

 

Scheme 2. The Heck coupling reaction. 

For instance, Zhu et al.88 prepared a series of Pd(0) catalysts deposited over anilino- and 

pyridylamino-modified silica gel. These catalysts performed very well in Heck coupling of 

iodobenzene with styrene or acrylamide (TON up to ca. 17000), being recyclable without a loss of 

activity. 
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Clark and co-workers reported the preparation of mesoporous silica gel modified by 

iminopyridine groups via the reaction of aminopropylated silica with 2-pyridinecarbaldehyde. These 

supports were subsequently metallated with a palladium(II) salt. The resulting materials proved to be 

active and reusable catalysts for Heck coupling of iodobenzene and methyl acrylate.89 High catalytic 

activity of these catalyst generated considerable controversy, since the palladium was immobilised in 

the +II oxidation state, which raised questions about the mechanism of the coupling reaction and the 

possibility of the involvement of the Pd(II)/Pd(IV) couple in the catalytic cycle. 

In order to obtain supported Pd(0) catalyst for the Heck reaction, Zhou and co-workers90 

grafted mesoporous sieve MCM-41 by (EtO)3Si(CH2)3NH2 and then treated the modified support with 

PdCl2 and reduced the deposited Pd(II) to Pd(0) with Na[BH4]. The resulting catalyst efficiently 

promoted Heck coupling of substituted iodobenzenes and activated alkenes with yields up to 98 % 

(TOF was in the range of 60 – 160 h-1). The catalyst exhibited unchanged efficiency after a prolonged 

exposure to air and could be recycled at least two times without any significant loss of activity.  

Later on, Zhou et al. used a series of amine–Pd(0) complexes deposited on fumed silica surface 

modified with the ≡Si(CH2)3NR2 groups (R = H, Et, Bu) in the same reaction.91 The catalysts exhibited 

comparably high yields, which quite significantly depended on the nature of the solvent used. With the 

decrease in solvent polarity in the series DMF > EtOH > CH3CN > C6H12, the yield of the coupling 

product in the reaction of iodobenzene and acrylic acid over catalyst with R = H decreased as follows 

99.1 > 90.5 > 88.9 > 83.2 %. However, for other catalysts this dependence was not monotonous 

indicating that the influence of the polarity of solvent is not straightforward and general in this case. 

Wang et al.92 have shown that Pd(0) immobilised on conventional silica gel modified with 

≡Si(CH2)3NH2 or ≡Si(CH2)3NH(CH2)2NH2 groups behaves as an active and recyclable catalyst in the 

Heck reaction of iodoarenes, bromoarenes, and even activated chloroarenes.  

Demel et al. studied the relation between the nature of the nitrogen modifying group and the 

catalytic activity as well as the amount of leached metal in the Heck reaction over Pd(0) immobilised 

on mesoporous molecular sieves SBA-15 and MCM-48 performed under conventional (solvothermal) 

conditions as well as under microwave irradiation.93 Among the catalysts modified with different 

alkylamino groups, the best properties in terms of activity and stability were exerted by those 

possessing the ≡Si(CH2)3NH2 and ≡Si(CH2)3NH(CH2)2NEt2 groups. In contrast, material possessing 

the branched multidonor ≡Si(CH2)3NH(CH2)2N((CH2)2NH2)2 groups proved to be catalytically 

inactive and could be even used as an efficient catalytic poison (metal scavenger). It was concluded 
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 9

that not only the number of nitrogen atoms in the anchoring group but rather their type is the decisive 

factor controlling the stabilization (and availability) of the metal component in the reaction system. 

A follow-up study on the influence of the metal loading (and Pd/N molar ratio) in SBA-15 

sieve modified with the ≡Si(CH2)3NH(CH2)2NEt2 groups (Fig. 2) revealed an increase in the yield of 

n-butyl cinnamate in the Heck reaction of bromobenzene and n-butyl acrylate upon decreasing the 

Pd/N ratio in the catalysts.94 As the Heck reaction over supported palladium catalysts typically takes 

place in solution with the metal firstly leaching out from the support and then returning back to the 

solid matrix, the observed trend was explained by a lower accessibility of the palladium for the organic 

reagents when the donor nitrogen groups are present in a large excess.  

 

Figure 2. Supported Pd-catalysts comparatively evaluated in Heck coupling. 

In contrast, Wang et al.95 found a non-monotonous dependence of the catalytic activity and Pd 

leaching on the Pd/N molar ratio in SBA-15 sieve modified with the ≡Si(CH2)3NH(CH2)2NH2 groups 

using the model coupling reaction of iodobenzene and acrylic acid. Catalyst having Pd/N ratio of 2:1 

showed moderate leaching (0.1 ppm) at the highest yield of the target product (cf. the yields of 98 % 

vs. 59 and 86 % for catalysts with Pd/N ratio 2:1, 4:1 and 1:1, respectively).95 

More recently, it was demonstrated that the nature of the support (amorphous silica vs. 

mesoporous molecular sieve SBA-15) only insignificantly affects the catalytic performance of Pd(0) 

supported catalysts modified with ≡Si(CH2)3NH(CH2)2NEt2 groups in the Heck reaction of n-butyl 

acrylate with bromobenzene.96 Slightly higher conversions achieved over amorphous silica-based 

catalysts were due to a better availability of the active metal in this support. The role of mesopores was 
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 10

assumed to be limited only to altering the rate of diffusion of palladium species into the liquid phase 

(leaching). 

Vallribera et al. have proposed the method of preparation of silica aerogels doped with Pd 

nanoparticles based on co-hydrolysis of tetraethoxysilane (TEOS) and organofunctional alkoxysilanes 

of the type (CH3O)3Si(CH2)3A, where A is a potential donor group, subsequent reaction with a Pd(II) 

salt.97 The obtained materials were tested in the Heck reaction of iodobenzene with ethyl acrylate, 

styrene and methyl vinyl ketone and compared with carbon aerogels loaded with Pd. In general, silica-

based catalysts were found to be more active and stable. For example, the reaction of iodobenzene with 

ethyl acrylate was complete after 8 h using Pd/SiO2 aerogel catalyst, which could be reused three 

times. Reactions in the presence of Pd-carbon aerogel catalyst required longer reaction times (24 h) to 

achieve similar results (up to 100 % conversion). A better dispersion of the metal through silica matrix 

achieved during sol–gel process rendering the aggregation of the Pd particles more difficult was 

proposed as possible explanation of these results. 

Mandal et al.98 entrapped Pd and Pt nanoparticles on the surface of micrometer-sized zeolite 

NaY particles functionalised with the ≡Si(CH2)3NH2 groups. The synthesised materials were shown to 

be highly active and recyclable catalysts for the Heck coupling of iodobenzene with styrene to give a 

mixture of cis- and trans-stilbene (conversions ca. 95 % in 1 – 3 runs; TOF ≈ 1900 h–1; cis/trans ratio 

ca. 10:90). The high activity of the catalysts was attributed to an efficient stabilization of the metal 

nanoparticles on the zeolite surface preventing their aggregation and providing sufficient accessibility 

of the active centres for the reactants. 

In the field of catalyst containing sulphur donor moieties, Martra et al.99 found that thiourea 

groups PhNHC(S)NH(CH2)3Si≡ tethered to silica can reduce Pd(II) ions to afford Pd nanoparticles of 

about 2 nm in size that behave as a good catalyst in the Heck reaction of iodo- and bromoarenes with 

n-butyl acrylate. However, a progressive decrease in the yield of the coupling product took place upon 

recycling of this material due to a significant leaching. Improvement of the catalytic performance, 

namely a higher activity at a negligible leaching of active species, was achieved through calcination at 

500 °C that altered not only the size of the particles and the removal of organic residua but, more 

importantly, changed the surface structure of the supported particles. 

High and reproducible catalytic activity and significantly lower leaching of metal species from 

SBA-15 functionalised with ≡Si(CH2)3SH groups in comparison with aminopropylated counterparts (3 

ppb vs. 35 ppm of Pd) was observed by Crudden et al.100 The authors noticed an excellent metal 

scavenging effect of the mercaptopropylated support overcoming that of the related aminopropylated 
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material.101 Supportive information on the structure of these catalysts, e.g., about the oxidation state of 

the deposited palladium and its electronic environment, was inferred from X-ray photoelectron and X-

ray Auger spectroscopic measurements.102 Increasing leaching of Pd species with increasing S:Pd ratio 

in SBA-15 functionalised with ≡Si(CH2)3SH groups in the Heck reaction of styrene with 

bromoacetophenone was described by the same authors,103 being rationalised by increased mobility of 

the Pd species at lower concentrations of the ligating groups.  

MCM-41-supported poly[(3-mercaptopropyl)siloxane palladium(0)] complex was shown to be 

highly active and stereoselective catalyst for the Heck arylation of conjugated alkenes with less 

reactive bromoarenes; the catalyst was reused at least five times without a loss of activity.104 Similar 

MCM-41-based materials obtained by functionalization of silica support with the ≡Si(CH2)3SH groups, 

followed by treatment with palladium chloride and reduction using K[BH4] were tested in the Heck 

reaction of aryl iodides with acrylic acid, methyl acrylate and styrene, achieving yields higher than 

80% and long-term stability.105  

Cai and co-workers106 firstly synthesised MCM-41-supported thioether-palladium(0) complex 

by immobilization of [3-(2-cyanoethylsulfanyl)propyl]triethoxysilane, reacting with palladium 

chloride and subsequent reduction with hydrazine hydrate. The prepared material showed high 

activities and stereoselectivity in the Heck coupling of conjugated alkenes with aryl iodides and 

activated aryl bromides. It also efficiently catalysed the arylation of conjugated alkenes with non-

activated bromoarenes. Increasing amount of palladium catalyst was shown to shorten the reaction 

time, but did not increase the yield of the target alkenes. 

A fluorous organic-inorganic hybrid material (Fig. 3) was prepared by sol-gel condensation 

between a monosilylated fluorous precursor and a large excess of TEOS and used as a support for 

Pd(0) nanoparticles (diameter 4 ± 1 nm). The resulting material proved to be active in the Heck 

reaction of iodobenzene with butyl acrylate.107 However, the authors did not investigate whether the 

Pd(0) nanoparticles on the solid surface are the actual catalysts or just represent the source of 

catalytically active species for the reaction occurring in the liquid phase. The same authors 

demonstrated that the amount of catalytically active Pd(0) nanoparticles depends on the number of the 

long perfluoroalkyl chains in the fluorous organic-inorganic matrix. The bis-silylated compound 

possessing two anchoring groups, 2,4-bis[3-(triethoxysilyl)propylamino]-6-S(CH2)2C8F17R-1,3,5-

triazine, allowed to increase the Pd(0) content from 4 to 13% and to carry out the catalytic Heck 

reaction with a lower quantity of solid material in the reaction mixture.108 
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Figure 3. Supported Pd-catalyst containing perfluoroalkyl ligand used in Heck coupling 

reaction. 

Pd(0) deposited on MCM-41 silica matrix bearing amino and phosphinoalkoxy groups was 

prepared by immobilization of APTES on the solid support, subsequent reactions with 

(diphenylphosphino)methanol and palladium chloride and reduction with hydrazine hydrate. Similarly 

to MCM-41-supported poly[(3-mercaptopropyl)siloxane palladium(0)] complex obtained earlier, this 

Pd catalyst deposited over phosphino-functionalised MCM-41 was an active and stereoselective 

catalyst for the Heck arylation of conjugated alkenes with bromoarenes.109 Similar approach was 

employed by Singh et al.110 for immobilization of Pd(0) on silica gel. The prepared materials catalysed 

C–C coupling reactions of substituted aryl bromides and iodides with acrylic acid or styrene in yields 

up to 92 %. The catalysts could be reused 15 – 16 times without any significant decrease in the yield of 

the coupling product. Their further reuse up to 30 times was also possible but the yield was reduced by 

10 – 15%. 

A Pd(II)–SCS-pincer complex (A in Fig. 4) was covalently immobilised on mesoporous silica 

SBA-15 and evaluated as a precatalyst in Heck reaction.111 Kinetic experiments and poisoning studies 

indicated that the pincer complexes decompose under reaction conditions via rupture of the palladium–

ligand bonds to liberate active Pd(0) species catalysing the reaction of iodobenzene with n-butyl 

acrylate.112 The same conclusion was made for the structurally related Pd/PCP-pincer complex (B in 

Fig. 4) grafted onto the same support.113 
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Figure 4. Examples of pincer complexes used for Pd anchoring. 

A saturated Pd-NHC complex was immobilised on amorphous silica by Artok and co-workers 

(Fig. 5).114 The complex itself was found thermally stable. However, TEM observations, hot filtration, 

reusability and poisoning tests revealed that the complex acted only as a precursor of active Pd species 

in the Heck reactions when immobilised. The complex appears more stable when used in 

homogeneous system (TON in the range 104 – 105 for the reaction of bromobenzenes with styrene to 

give trans-stilbenes). Karimi and Enders115 prepared a Pd-NHC complex on a silica support (via 

immobilised ionic liquids) and tested this material in the Heck reaction of aromatic halides with 

styrene and acrylic esters. Aryl iodides and bromides afforded good conversions (78 – 99 %), while 

chlorides did not react under the conditions used. The catalyst was recycled four times with only a 

minor loss of its activity. 

 

 

Figure 5. Example of Pd-NHC complex immobilised on silica for utilization in Heck reaction. 
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Suzuki-Miyaura reaction 

Suzuki-Miyaura reaction (Scheme 3) is a Pd-catalysed cross-coupling reaction between organic 

boron compounds (usually, boronic acids or boronic esters) and aryl or alkyl halides/triflates 

proceeding under relatively mild reaction conditions.116 Similarly to the Heck coupling, this reaction is 

believed to proceed through the sequence of oxidative addition, transmetalation and reductive 

elimination, and requires a base for the activation of the boron component. Suzuki-Miyaura coupling 

represents a relatively simple, condition-tolerant and versatile C–C bond forming reaction, which can 

be extended to various substrates and finds therefore wide applications in the synthesis of various 

simple and complex organic molecules, pharmaceuticals and natural products.117 

 

Scheme 3. Suzuki-Miyaura reaction. 

Mubofu et al. prepared a highly active (TONs in the range of 103 based on ten reuse 

experiments from batch reactions), recyclable and robust supported palladium catalyst for Suzuki 

reaction between phenylboronic acid and bromobenzene. The catalysts were obtained by interaction of 

aminopropylated silica with pyridine carbaldehyde and subsequent complexation of palladium 

acetate.118 

A series of silica supported palladium catalysts bearing N–N, N–S and N–O chelating ligands 

(Fig. 6) have been prepared by Clark et al.119, 120 using three-step procedure consisting of modification 

of activated silica with (3-aminopropyl)trimethoxysilane, Schiff base condensation with 2-

acetylpyridine (A), 2-pyridinecarbaldehyde (B), 2-thiophenecarbaldehyde (C), 2-furancarbaldehyde 

(D), 2-acetylfuran (E), 2-hydroxyacetophenone (F), 2-aminoacetophenone (G) or 2-

pyrrolecarbaldehyde (H) and, finally, metallation with palladium acetate. A clear but not linear 

relationship between the Pd binding energies from XPS measurements and the structure of the 

chelating ligands or rate constants in the Suzuki reaction between benzeneboronic acid and 

bromobenzene was found. The activity of prepared catalysts decreased with increasing binding energy 

in the following sequence: A< E = F < G < C < D < B < H (Figure 6). 
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Figure 6. The set of silica supported palladium catalysts bearing N–N, N–S and N–O chelating 

ligands used in Suzuki-Miyaura coupling. 

MCM-41-supported, possibly terdentate nitrogen ligand and its palladium(II) complex (Fig. 7) 

was synthesised and tested in Suzuki-Miyaura coupling between aryl bromides and arylboronic acids 

in ref.121 Various electron-donating and electron-withdrawing groups such as CH3, OCH3, Ph, Cl, CN, 

NO2, CF3, COCH3, and CO2CH3 in both aryl bromide and arylboronic acid components were found to 

be well tolerated and the reaction gave the desired substituted biaryls in good to excellent yields (up to 

99 %). Even the reactions of bulky 1-naphthylboronic acid with aryl bromides proceeded satisfactorily, 

providing the coupling products in 81 – 85 % yields. The catalyst was found to be reusable at least 10 

times with a negligible loss in activity. The high stability and excellent reusability of the catalyst was 

assumed to result from the chelating coordination of the NNN-ligand and metal binding properties of 

the mesoporous structure of MCM-41. 

 

Figure 7. MCM-41-supported complex of a terdentate nitrogen ligand and Pd(II). 
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Silica supports modified with ligands of three different types (containing amino, diamino and 

pyridyl moieties) were used to prepare supported Pd(II) complexes for Suzuki coupling reactions by 

Vassylyev et al.122 The activity of the immobilised catalyst was found to be significantly higher in 

comparison with the respective molecular complexes, which was regarded as evidence that 

heterogeneous and not homogeneous Pd contributed to the activity of the supported catalysts. Different 

catalyst required different base additives in order to achieve optimal results, which was explained by 

variation in the energy of transition complex formation upon changing the coordination sphere of Pd. 

Another series of supported catalysts containing different amounts of palladium was prepared 

by treatment of SBA-15-type mesoporous molecular sieve bearing the ≡Si(CH2)3NH(CH2)2NEt2 

groups at the surface with palladium(II) acetate.94 These catalysts were studied in Suzuki biaryl 

couplings to establish the influence of metal loading and “innocent” surface modifications 

(trimethylsilylation). It was found, that Suzuki reaction proceeds efficiently with both model and 

practically relevant substrates. The catalyst performance increased with an increasing degree of 

metalation (decreasing N/Pd ratio). Furthermore, catalyst poisoning tests revealed that the reaction 

takes place in the liquid phase with the catalyst serving as a reservoir of active metal species and also 

as a stabilizing support. 

Pleixats and co-workers123 described the preparation of organic-inorganic hybrid 

mesostructured worm-like and hexagonally organised silica materials containing imidazolium and 

dihydroimidazolium salts from mono- and disilylated monomers, loaded these materials with Pd(II) 

and investigated the activity and recyclability of the resulting catalysts in Suzuki–Miyaura cross-

coupling. While all prepared materials showed efficient and fast reactions between the activated 4-

bromoacetophenone and phenylboronic acid giving almost quantitative isolated yields of the target 

product in 0.5 – 1 h, Pd(II) supported on worm-like hybrid support showed slightly better reusability 

than hexagonally ordered material, as no decrease in the activity was observed after five cycles and 

almost quantitative yields of the coupling product were isolated during these runs. Only Pd(II) 

catalysts supported on worm-like hybrids were tested as a recyclable catalyst for the Suzuki coupling 

of phenylboronic acid with the less reactive 4-chloroacetophenone.123 Although the yields were modest 

(34 %), the reusability of these catalysts was established with this rather challenging substrate. High-

resolution transmission electron microscopy analysis of the Pd(II) catalyst supported on worm-like 

hybrids recovered after the 5th catalytic run revealed the formation of Pd nanoparticles (diameter ca. 3 

nm).  

Gruber-Woelfler et al.124 applied a two-step procedure to prepare a Pd-catalyst from silica gel-

tethered bis(oxazoline) (BOX) ligand. In particular, the covalent immobilization of 2,2’-(1-methyl-11-
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dodecenylidene)bis(4,5-dihydrooxazole) on 3-mercaptopropyl-functionalised silica gel, followed by 

metalation with Pd(OAc)2 provided a stable and active catalyst. The superior behaviour of the prepared 

catalyst in comparison with homogeneous (BOX/Pd(OAc)2) and in situ immobilised catalysts in 

Suzuki coupling reaction under various conditions was rationalised by self-deactivation of Pd(OAc)2 in 

liquid phase and by the poisoning effect of thiol groups in the in situ prepared catalyst. Using hot 

filtration test, three phase test, and ICP/OES analysis, the authors showed that there is virtually no Pd 

leaching into the reaction solution under the applied reaction conditions. Furthermore, the catalyst was 

found to be chemically stable and can be reused for at least 10 times. 

Tyrrell and co-workers125 studied the activity of Pd-supported catalysts prepared via two 

complementary methodologies (i.e., by complexation of grafted imidazolium moieties and by 

immobilization of defined complexes). A comparison of catalyst prepared by immobilization of the 

imidazolium salt to silica before the formation of the NHC complex (route A, Scheme 4), and catalyst 

resulting via grafting the NHC complex directly onto silica (route B, Scheme 4), revealed that the 

former one provides an 84% yield of the coupling product at the 0.2 mol% metal loading, while second 

one gave a 90 % yield under the same conditions. These data suggest that the catalysts prepared by 

immobilizing the pre-formed palladium complexes is slightly more active in the Suzuki coupling of 

aryl bromides than that prepared by the reaction of palladium acetate with the tethered imidazolium 

salt. Furthermore, the use of sterically bulky NHCs (such as the 2,6-(diisopropyl)phenyl-substituted 

ligand) resulted in an increased catalytic activity (conversions of > 99% under the same reaction 

conditions), suggesting that bulkiness of the ligand plays an important role in controlling the catalytic 

activity of tethered palladium NHC catalysts. 

 

Scheme 4. Pd-supported catalyst prepared via complexation of grafted imidazolium moieties 

(A) and immobilization of defined complex (B). 

Gude and Narayanan investigated the catalytic activity for three types of nanocatalysts – 

colloidal supported metal nanoparticles (CSMNs) prepared with silica colloids in solution,126 CSMNs 

prepared from dry silica colloids re-suspended in doubly deionised water, and palladium nanoparticles 
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loaded onto bulk silica dispersed in doubly deionised water – in the Suzuki-Miyaura reaction between 

phenylboronic acid and iodobenzene. These three types of catalysts were prepared with and without 

the addition of APTES. The CSMNs obtained from non-functionalised wet silica colloids and 

palladium nanoparticles surprisingly showed the highest catalytic activity as compared to their 

counterparts prepared using the APTES linker. The authors assumed that APTES could act as a 

catalyst poison resulting in a lower catalytic activity in the Suzuki reaction.126 

In an attempt to clarify the effectiveness of a tripodal linker unit (e.g. 3-bromopropyltris[3-

(dimethylisopropoxysilyl)propyl]silane), which can be bound to a silica surface via three independent 

Si–O–Si bonds, silica-immobilised palladium amine complex catalysts employing this linker unit were 

prepared and applied in the Suzuki coupling reaction of 4-bromobenzoic acid ethyl ester and 

phenylboronic acid.127 Pd(II) supported on functionalised silica containing 3-(methylamino)propyl 

moiety, which comprises a secondary amine ligand, gave a higher yield than Pd(II) grafted on support 

bearing tertiary amine modifying group (i.e. 3-(dimethylamino)propyl). Pd(II) catalyst resulting from 

the chelating ligand-containing support exhibited a low catalytic activity. However, the hot filtration 

test suggested a substantial contribution from homogeneous catalytic reaction due to leached-out 

palladium species for the most active catalyst based on 3-(methylamino)propyl ligand. Thus, the 

authors concluded, that the order of activity among the catalysts with different amino ligands just 

reflects the degree of palladium dissociation from the palladium complexes immobilised on the silica 

support.127 

Rossi et al.128 reported the preparation of supported palladium nanoparticles stabilised by 

pendant phosphine groups by reacting a palladium complex [Pd(OAc)2L2], where L is 2-

(diphenylphosphino)benzaldehyde, with an amino-functionalised silica. The material proved to be an 

active catalyst in the Suzuki-Miyaura cross-coupling. Catalyst deactivation caused by silica etching 

and Pd nanoparticles aggregation was observed in the successive runs and demonstrated to be partly 

minimised upon following an alternative protocol consisting of addition of the base to the arylboronic 

acid solution prior to the contact with the catalyst. This approach allowed for catalyst reuse for up to 

ten recycles, while keeping similar catalytic activity during seven successive reactions. 

A Pd(II) catalyst derived from MCM-41 functionalised with NNN-donor groups has been 

synthesised by Dhara et al.129 by anchoring of APTS in the MCM-41 mesoporous molecular sieve, 

followed by reaction with 2,6-diacetylpyridine to give a N3-type Schiff base and metalation with Pd 

salt. The prepared material behaved as a highly active catalyst for the Suzuki–Miyaura cross-coupling 

reaction of both electron-poor (yields 92 – 98 % after 3h TOS, TOF > 4400 h-1) and electron-rich  
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(yields 90 – 95 % after 4 – 8 h TOS, TOF > 2200 h-1) aryl halides with phenylboronic acid. Hot 

filtration and three phase test excluded any significant leaching of Pd species.129 

The organosilane-based NHC-Pd complex immobilised covalently on silica was shown to be 

efficient reusable heterogeneous catalyst in the Suzuki reaction of various aryl halide derivatives 

(except for aryl chloride derivatives) with phenylboronic acid under mild conditions.130 

Crudden et al.100 demonstrated a high catalytic activity of Pd immobilised on mercaptopropyl-

modified SBA-15 in Suzuki-Miyaura reactions of bromo- and chloroaromatics. Heteroaromatic 

substrates such as 3-bromopyridine and deactivated substrates such as 4-bromoanisole also underwent 

coupling reaction with good to excellent yields (82 – 99 %). Reproducible high catalytic activity was 

observed in DMF, water or a mixture of the two solvents. In contrast to Pd immobilised on 

mercaptopropyl-modified silica, these materials could be reused several times with virtually no loss of 

activity, even in water. Later, it was shown that the method of introducing the alkylthiol groups 

influences the stability of such Pd-supported catalysts.131 A grafting approach gave a significantly 

more stable material, likely owing to protection of the siliceous surface from attack by the aqueous 

base, while the incorporation of the thiol by co-condensation provided a material with a minimal 

stability under the reaction conditions. Mesostructured mercaptopropyl-modified SBA-16 and KIT-6 

materials were also shown to be viable solid supports for the immobilization of Pd(0) and Pd(II) 

complexes.132 The behaviour of the last ones in the Suzuki-Miyaura coupling reaction of 4-

bromoacetophenone and phenylboronic acid pinacol ester was comparable to that of Pd immobilised 

on mercaptopropyl-modified SBA-15. 

Sullivan and co-workers133 reported on Pd(II) complexes immobilised on porous silica (6 nm 

pore size) modified by disulfides (MeO)3Si(CH2)2S(CH2)nS(CH2)2Si(OMe)3 (n = 2, 3), that showed 

high activity, reusability and resistance in the Suzuki-Miyaura reaction of aryl bromides with 

arylboronic acids at room temperature in isopropanol. The same authors134 used co-condensation of 

TEOS with methyl[3-(triethoxysilyl)ethyl]thioglycolate to prepare ≡SiCH2CH2SCH2CO2Me modified 

silica. Subsequent hydrolysis of the anchored ester group and reaction with palladium(II) acetate 

afforded a stable and recyclable supported Pd-catalyst (presumably with O,S-chelated Pd centres), 

which was successfully tested in Suzuki-Miyaura cross-coupling of aryl bromides with phenylboronic 

acid.134 

SBA-15 mesoporous support silylated at the outer surface with PhSi(OMe)3 (prior to removal 

of the template) was functionalised with Ph2PC6H4CH2S(CH2)3Si(OEt)3 and then metalated with 

[Pd2(dibenzylideneacetone)3] to afford an immobilised Pd–“triphenylphosphine” catalyst (Fig. 8). This 
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recyclable catalyst was employed in Suzuki-Miyaura reaction of aryl bromides with arylboronic acids 

carried out in supercritical carbon dioxide, from which the reaction products separated upon cooling 

(isolated yields of biphenyls were in the range 83 – 99 %).135 

 

Figure 8. Immobilised Pd-phosphine complex utilised in Suzuki-Miyaura reaction. 

MCM-41-supported bidentate phosphine Pd(0) complex synthesised by treatment of MCM-41 

with APTES and then with (diphenylphosphino)methanol and palladium chloride and subsequent 

reduction with hydrazine hydrate mentioned above was shown to efficiently catalyse Suzuki-Miyaura 

reaction of aryl iodides and bromides with arylboronic acids (yields 84 – 98 %). The negative hot 

filtration test was regarded by authors as an evidence of true heterogeneous nature of this catalyst.136, 

137 Suzuki–Miyaura cross-coupling reactions of various aryl chlorides with arylboronic acids were 

examined also under different reaction conditions over Pd(0) immobilised on mesoporous-supported 

aryldicyclohexylphosphine, synthesised using a four-step approach (Scheme 5).138 High conversions 

and yields (81 – 98 %) were achieved for activated aryl chlorides. 

 

Scheme 5. Immobilization of a (dicyclohexyl)biphenyl moiety (Cy = cyclohexyl). 
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Corma et al.139 attempted to develop another heterogeneous Pd-supported catalyst by anchoring 

2-dicyclohexylphosphino-2',6'-dimethoxy-1,1'-biphenyl (S-Phos) ligand on different solid supports 

such as non-soluble (cross-linked polystyrene) and soluble (non-cross-linked polystyrene and 

polyethyleneglycol) polymers, as well as high surface silica. The immobilised ligand was in situ 

converted to a palladium–phosphine complex. While the complete conversions and high selectivity to 

the expected trimethylbiphenyl was observed in Suzuki reaction of 2-chloro-m-xylene and 2-

tolylboronic acid for the two SPhos ligands anchored on soluble supports, SPhos anchored on silica 

proved to be completely inactive in this coupling reaction. 

Jin et al.140 reported the synthesis of hierarchical micro-mesoporous LTA zeolite-supported β-

oxoiminatophosphinopalladium complex (Scheme 6) and its application as a catalyst for Suzuki–

Miyaura reaction of aryl and heteroaryl chlorides. The catalyst achieved typically 80 – 90% 

conversions with 1 mol. % Pd in aqueous ethanol in 5 h. 

 

Scheme 6. Synthesis of zeolite-supported β-oxoiminatophosphinopalladium complex. 

Sonogashira reaction 

The Sonogashira reaction (Scheme 7) is a palladium-catalyzed sp2-sp cross-coupling reaction 

between a terminal alkyne and an aryl or vinyl halide/triflate performed with or without the presence 

of a copper(I) co-catalyst.141 It has become one of the most important methods to prepare arylalkynes 

and conjugated enynes, which represent reactive intermediates en route to many natural products and 

pharmaceuticals.142-146 

catalyst/base

-HX

R = Ar, vinyl

X = Cl, Br, I, OTf

R' = Ar, Alk, vinyl, COOAlk

R X + R' R'R

 

Scheme 7. Sonogashira coupling. 
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Palladium immobilised on silica modified with ≡Si(CH2)3NHCH2CH2NH2 pendant groups was 

studied in the Sonogashira reaction of terminal alkynes with aromatic iodides. Reactions performed at 

1 mol. % Pd loading in refluxing ethanol with potassium carbonate as the base generally provided 

good yields of the coupling products (> 90%). Reactions with aryl bromides typically required a higher 

temperature (110 °C in DMF) to achieve similar conversions. The catalyst proved to have excellent 

stability, being used during as much as 30 consecutive runs without any decrease in the activity.147  

Asefa and co-workers148 reported the synthesis of bifunctional mesoporous catalysts by 

immobilization of two functional moieties, a Pd(II)–diamine complex and a primary amine group (–

NH2), onto mesoporous MCM-41 and SBA-15 silicas, and demonstrated their use as heterogeneous 

catalysts for one-pot two-step sequential Sonogashira and Henry reactions (Scheme 8). The 

bifunctional, SBA-15-based catalyst afforded 60 % yield for the Sonogashira–Henry tandem product 

in 5 h. The bifunctional catalyst also catalyzed both reactions, individually resulting in approximately 

100 % reactant conversion in 2.5 h in the Sonogashira reaction and approximately 100 % reactant 

conversion in 45 min in the Henry reaction. 

I CHO
Pd/NH2-catalyst

CHO
Pd/NH2-catalyst

NO2
CH3NO2

+
 

Scheme 8. Sonogashira–Henry tandem reaction. 

Sugi et al. investigated the catalytic activity of an quinoline-2-carboimine palladium complex 

immobilised on MCM-41 (Fig. 9) in Sonogashira reaction of various terminal and aliphatic alkynes 

with aryl and halides.149 The catalyst provided excellent yields (> 93 % in most of the cases) of the 

corresponding cross-coupling products in reactions of terminal alkynes containing aryl substituents. 

On the other hand, only moderate catalytic activity was observed in reactions of an aliphatic alkyne 

due to a lower acidity of its terminal proton. The supported Pd catalyst was reusable without 

significant loss of catalytic activity until the fourth recycle under aerobic conditions. Its catalytic 

performance was ascribed to effective catalysis by the quinoline-2-carboimine palladium complex 

immobilised on MCM-41 support with high BET area and to a high air-stability of the catalyst. 
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Figure 9. Quinoline-2-carboimine palladium complex immobilised on silica support. 

Analogous Pd catalysts obtained from imine-modified supports resulting by reactions of 

conventional aminopropylated silica with 2-pyridinecarbaldehyde, 2-acetylpyridine, or 2-

(diphenylphosphino)benzaldehyde were efficient catalysts for Sonogashira reaction of ethynylbenzene 

(phenylacetylene) with different aryl iodides affording the respective substituted tolanes.76 Possible 

beneficiary effect of the phosphine donor groups arising from 2-(diphenylphosphino)benzaldehyde 

was partly eliminated by their oxidation to the corresponding phosphine oxide occurring during the 

catalyst preparation as evidenced by solid-state 31P NMR measurements. 

Trilla and co-workers150 firstly synthesised hybrid silica materials with anchored di(2-

pyridyl)methylamine-dichloropalladium(II) (Fig. 10). These catalysts were prepared by sol-gel co-

gelification and found to behave as efficient and recyclable catalysts for the Sonogashira reaction of 

phenylacetylene and aryl bromides or iodides. 150 Notably, no Pd nanoparticles were formed during the 

course of the Sonogashira coupling over this catalyst. However, hot filtration test evidenced that both 

homogeneous and heterogeneous pathways participate in the catalytic process. 

 

Figure 10. Bis(2-pyridyl)methane-Pd complex immobilised via an urea spacer. 

Hankari et al. investigated the influence of the structure of the thiol precursor on the 

morphology of the mesoporous silica resulting by template-directed condensation or by post-synthetic 

grafting.151 Catalytic properties of the resulting Pd-impregnated materials were compared with the 

“classical” mercaptopropyl-functionalised silica obtained from (3-mercaptopropyl)triethoxysilane by 

direct hydrolysis/co-condensation with TEOS and subsequent impregnation with a Pd(II) salt. 

Compared with conventional thiol-functionalised materials obtained from mercaptopropyl-

trialkoxysilane precursors, the new reported thiol-functionalised silica materials showed significantly 

improved recyclability. This result was attributed to a higher hydrophobicity of these materials, 

imparted by the bulkier bis-silylated amide–thiol precursor.151 
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Carbonylation/carboxylation   

Oxidative carbonylation of phenol with carbon monoxide and oxygen (Scheme 9) is considered 

as one of the most practically relevant methods for the preparation of diphenyl carbonate from cheap 

and simple feedstock reagents.152, 153 Using the sol–gel technique, Li et al. prepared Pd complexes 

anchored on silica previously functionalised by silylpropropylated 1,2-diaminocyclohexane and tested 

these materials as catalysts in this reaction.154 The highest yield of diphenyl carbonate (12 %) was 

obtained with Cu2O as a co-catalyst while THF was the optimum solvent in terms of the yield and 

selectivity to diphenyl carbonate as well as low palladium leaching. Under the optimal conditions, the 

TON reached 60 mol of diphenyl carbonate/mol Pd and the metal leaching did not exceed 3 %. The 

heterogeneous catalysts revealed higher catalytic activity compared with the homogeneous 

counterparts (Pd(OAc)2 and PdCl2). It was also found, that the Pd loading significantly affects the 

reaction rate and the optimum Pd loading was found at ca. 5 wt. %. The intermediacy of Pd(0) in the 

catalytic cycle was verified, while the recovered catalyst was found to contain a mixture of Pd(II) and 

Pd(0) species. 

 

Scheme 9. Oxidative carbonylation of phenol. 

Chaudhari et al.155 immobilised Pd and Pt nanoparticles on 3-aminopropylated zeolite NaY. In 

the presence of iodide promoters, the obtained materials exhibited high catalytic activities in oxidative 

carbonylation of aliphatic and aromatic amines to give symmetrically disubstituted ureas (Scheme 10; 

conversions in the range of 69 − 98%, selectivities > 90 %). It was reported, that the immobilised Pd 

nanocatalyst exerts a higher activity (TOF of 157 h−1) than the previously reported materials, which is 

maintained even at relatively lower temperatures and pressure.156-158  

 

Scheme 10. Oxidative carbonylation of aniline to the corresponding N,N-disubstituted urea 
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Palladium species immobilised inside functionally modified mesoporous materials (MCM-41, 

MCM-48, SBA-15) have been synthesised by Chaudhari et al.159 The starting material containing 3-

aminopropyl functional groups were prepared via different synthesis strategies (viz. post-synthesis 

grafting and one-pot co-condensation). Characterization (in particular by 13C, 29Si and 31P solid-state 

CP-MAS NMR spectroscopy) confirmed that the anchoring of the complex [Pd(pyridine-2-

carboxylate)(PPh3)(OTs)] occurred as anticipated. The materials showed high activity (TOF 350 – 750 

h-1), chemo- and regioselectivity of > 99%, stability and recyclability in low-pressure carbonylation of 

olefins and alcohols to carboxylic acids (Scheme 11), with the catalyst based on SBA-15 synthesised 

by post-synthetic grafting approach showing the highest activity. 

 

Scheme 11. Carbonylation of olefins and alcohols to carboxylic acids 

Lagasi and Moggi prepared triethoxysilyl-substituted amines by Schiff condensation of APTES 

with 2-acetylpyridine, 2,6-diacetylpyridine, or 2-acetylpyrazine and subsequent reduction using 

Na[BH4]. The amines were employed in co-condensation with TEOS to afford functionalised silicas.160 

Materials obtained after treatment with a Pd salt were probed as reusable catalysts for 

methoxycarbonylation of iodobenzene (Scheme 12). Catalyst prepared from 2-acetylpyridine reached 

TON of 2300 after 20 cycles in the presence of triethylamine as a base promoter and also showed the 

highest stability during recycling tests: 83% conversion of iodobenzene and 97 % selectivity to methyl 

benzoate was achieved after 20th run without deactivation through leaching of palladium. 

 

Scheme 12. Methoxycarbonylation of iodobenzene to methyl benzoate 

Double carbonylation of aryl iodide derivatives with secondary and primary amines to produce 

α-ketoamides (Scheme 13) over a series of silica supported palladium complexes with varying 
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electronic properties and steric hindrance was described by Genelot et al.161 Conversions up to 80% 

and selectivities up to 96% for the double carbonylated α-ketoamide products (the other product being 

the respective amide) were achieved in reactions of different aryl iodides with secondary and primary 

amines. It was demonstrated that two palladium complexes (designed with monodentate phosphine or 

chelating diphosphine linkers) supported on mesoporous SBA-15 material can be used repeatedly 

without a notable loss of activity and selectivity. 

 

Scheme 13. Carbonylation of aryl iodide with secondary amine. 

Lu and Alper162 reported the synthesis of various dendrimers immobilised on silica support via 

Michael-type addition and amidation reactions, followed by the phosphinylation with 

(diphenylphosphino)methanol. The resulting phosphine-terminated dendrimers were then reacted with 

a palladium salt to give the dendrimer Pd-complexes, and the resulting materials were tested in the 

synthesis of oxygen, nitrogen, or sulfur-containing medium ring fused heterocycles by intramolecular 

carbonylation reactions (Scheme 14). The dendritic catalysts exhibited very good activities in these 

transformations, affording the desired heterocycles in high yields (> 90 % in most of the cases). 

Importantly, a wide variety of functional substituents were tolerated in this process, including chloro, 

methoxy, trifluoromethyl, cyano, acetyl, and methoxycarbonyl groups, and the catalysts could be used 

in eight successive cycles with only a slight decrease of their activity (total decrease in the yield was 

only 5 %). 

 

Scheme 14. Synthesis of O-, N-, S-containing heterocycles by intramolecular carbonylation 

reactions. 

Carbonylative cross-coupling reactions, namely the synthesis of substituted ketones by reaction 

of arylboronic acids163 or terminal alkynes164 with aryl iodides under an atmospheric pressure of 
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carbon monoxide (Scheme 15), have been studied by Cai and co-workers. In the first case, 3-(2-

aminoethylamino)propyl-functionalised MCM-41-immobilised palladium(II) catalyst was applied, 

while a MCM-41-supported bidentate phosphine palladium(0) complex was used for the carbonylative 

Sonogashira coupling reaction. These heterogeneous catalysts proved useful in the synthesis of diaryl 

and aryl-alkynyl ketones as they exhibited higher activity and selectivity than homogeneous catalyst 

[PdCl2(PPh3)2], and showed only negligible decrease in the activity after several catalytic cycles (cf. 91 

vs. 89 % yield and 45.5 vs. 44.5 TON in the 1st and 10th run, respectively, in the reaction of 

arylboronic acids with aryl iodides). 

 

Scheme 15. Synthesis of substituted ketones by carbonylative reactions of arylboronic acids 

(top) or terminal alkynes (bottom) and aryl iodides. 

Oxidation of alcohols 

Selective oxidation of alcohols represents an attractive method of the production of aldehyde or 

ketone intermediates for the fine chemistry. In particular, aromatic and allylic oxo compounds can be 

synthesised with high selectivity through the selective oxidation of the corresponding alcohols and 

used as components of pesticides, perfumes or flavours.165, 166 However, such reactions traditionally 

utilise toxic and hazardous stoichiometric reagents and generate large quantities of contaminated 

waste.167, 168 During a search for alternative catalytic routes, Pd-supported heterogeneous catalysts 

emerged as attractive surrogates facilitating selective transformation of alcohols to aldehydes or 

ketones under moderate conditions via an oxidative dehydrogenation mechanism.169 

Recently, Lee et al.170 reported about grafting of ultrathin alumina monolayers onto SBA-15 

silica framework followed by impregnation of the resulting Al-SBA-15 with palladium. The formed Pd 

nanoparticles showed a good dispersion and surface oxidation characteristic of pristine aluminas with 
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high active site densities typical for thermally stable, high-area mesoporous silicas. This combination 

allowed for significant rate enhancements in the aerobic selective oxidation of cinnamyl alcohol to 

cinnamic aldehyde (Scheme 16) over Pd/Al-SBA-15 as compared with Pd on mesoporous alumina or 

silica supports investigated by the same group earlier.171, 172 Although Pd/Al-SBA-15 afforded a higher 

reaction rate in this selective oxidation than a Pd/meso-Al2O3 catalyst, their corresponding TOFs per 

surface active sites were almost identical suggesting the involvement of similar active species and 

palladium-support interaction. It was proposed that the higher activity and TOFs observed for alumina 

(13500 h-1) than silica (6100 h-1) supported palladium catalyst reflects a superior ability of the former 

material to disperse and preserve smaller PdO nanoparticles during the oxidation. In addition, 

operando XAS measurements revealed strong correlations between the palladium oxidation state and 

its activity, which identify rapid on-stream PdO reduction as the major deactivation pathway that can 

be partly eliminated by an increase of the oxygen pressure. 

 

Scheme 16. Aerobic selective oxidation of cinnamyl alcohol to cinnamic aldehyde. 

Wilson et al.172 reported similar materials employing amorphous silica as well as SBA-15, 

SBA-16 and KIT-6 molecular sieves as supports for the Pd particles. The catalysts were tested in 

selective oxidation of crotyl alcohol and cinnamyl alcohol. The relative activities for both alcohols 

were dependent on the degree of mesopore connectivity and palladium dispersion/oxidation state, 

which corresponds with the previous studies demonstrating the benefits of interconnected pore 

architectures.173  

Three-dimensional interconnected KIT-6 and SBA-16 conferred the highest initial reaction 

rates (24000 mmol g-1 h-1), that proved to be superior to the two-dimensional SBA-15 (14000 mmol g-1 

h-1), which in turn outperformed commercial amorphous silica (6000 mmol g-1 h-1). Rate enhancements 

observed with interconnected mesoporous supports were also explained by their ability to stabilise 

dispersed palladium nanoparticles (1 – 2 nm) and thus provide a material with a high palladium oxide 

surface. Rate analysis and controlled experiments using in situ reduction/oxidation conditions 

confirmed surface palladium oxide as the active species in selective oxidation of allyl alcohol. On the 

other hand, slow reduction of palladium nanoparticles under oxygen-limited reaction conditions was 

shown to reduce the reaction rates and favour undesired hydrogenolysis of cinnamyl alcohol to trans-

β-methylstyrene. 
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Yang et al.174 used mesoporous molecular sieve SBA-16 modified with (3-

aminopropyl)triethoxysilane and hexamethydisilazane to prepare deposited Pd and Pd/Au catalysts, 

which were  tested in solvent-free oxidation of benzyl alcohol to benzaldehyde with molecular oxygen. 

It was found that amine-functionalization remarkably improves the selectivity towards the desired 

product. Au/Pd bimetallic catalysts showed better catalytic performance than the respective 

monometallic catalysts (Au and Pd). The highest turnover frequency (about 8700 h-1) was achieved 

over a bimetallic catalyst with Au:Pd molar ratio equal to 1:5. A similar catalyst has been tested in 

aqueous phase.175 In oxidation of different benzylic (Scheme 17) and allylic alcohols in the absence of 

a base performed under air or in O2 atmosphere in water, the prepared bimetallic catalysts exhibited 

conversions up to 99 %. The selectivities to the corresponding aldehydes and ketones were better than 

99% in all the cases. Importantly, the catalyst could be recovered and reused twelve times without 

significant changes in the reaction outcome (conversion and selectivity). 

 

Scheme 17. Catalytic oxidation of benzyl alcohol to benzaldehyde 

Other Au/Pd bimetallic catalysts supported on layered double hydroxide have been prepared 

and characterised by Hou et al.176 These bimetallic catalysts showed much higher activity than the 

corresponding monometallic catalysts in selective alcohol oxidation (Scheme 18) in water. Authors 

suggested that synergetic interaction between Au and Pd is responsible for the high efficiency of these 

Au/Pd catalysts. The leaching test and elemental analysis showed that only a small amount of Pd (0.7 

ppm) and Au (traces) were leached out from the catalysts during the reaction. 

 

Scheme 18. Catalytic oxidation of 1-methyl-1-pentanol to butyl methyl ketone. 

Li and co-workers177 utilised mesoporous silica nanoparticles as a support for the preparation of 

bimetallic Pd-Au catalyst by the conventional impregnation–hydrogen reduction method. The resultant 

materials were evaluated in base-free oxidation of benzyl alcohol with oxygen (see Scheme 17 above). 

It was found that addition of a small amount of Pd (the Pd/Au atomic ratio was as low as 0.05/1) 

significantly decreases the size of the gold particles and thereby remarkably enhance the catalyst 
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activity. At the optimal Pd/Au atomic ratio of 0.2/1, the respective bimetallic catalyst showed 8-times 

and 3-times higher activity than the respective monometallic Au- and Pd-containing catalysts. 

Yang et al.178 prepared a series of supported Pd(0) catalysts by surface modification of 

mesoporous molecular sieve TUD-1 with APTES, (EtO)3Si(CH2)3NHCH2CH2NH2, (EtO)3Si(CH2)3SH 

and (EtO)3SiBu-t. The modified supports were loaded with PdCl2, reduced with hydrogen and then 

tested in aerobic oxidation of neat benzyl alcohol and other alcohols to the corresponding aldehydes. 

The catalytic results revealed that the type and the amount of functional groups used for 

functionalization of the TUD-1 support greatly affect the catalytic performance. TUD-1 appropriately 

surface-covered by APTES coverage displayed the best results (TOF about 18500 h-1 for benzyl 

alcohol oxidation) owing to the enhanced metal-support interaction and finely tuned local surface 

basicity around the Pd nanoparticles. 

Lee et al.179 reported the synthesis of hierarchically ordered (270 nm macropores and 5 nm 

mesopores) materials with SBA-15 architecture with further post-synthetic impregnation with 

palladium. Bulk and surface characterization revealed that incorporation of complementary 

macropores into mesoporous SBA-15 improve the dispersion of sub-2-nm Pd nanoparticles and thus 

increase the degree of their surface oxidation. The catalysts were employed in aerobic selective 

oxidation of sterically different allylic alcohols, in particular bulky phytol (Scheme 19). Kinetic 

profiling suggested a relationship between nanoparticle dispersion and oxidation rate, identifying 

surface PdO as the catalytically active phase. Rates of selective oxidation of crotyl and cinnamyl 

alcohols (relatively smaller representatives) over these hierarchical catalysts were superior to those 

observed for analogous Pd catalyst deposited over mesoporous SBA-15 at equivalent Pd loading, 

irrespective of whether the micropores were present within the latter support. However, the 

hierarchical and purely mesoporous supports exhibited identical TOFs with each of these small 

alcohols. This contrasts with the trends observed for long chain allylic alcohols, where the excellent 

activity of Pd supported on hierarchical SBA-15 was evidenced by increased TOFs with respect to 

Pd/mesoporous SBA-15 (1502 vs 480 h-1 for farnesol, and 1258 vs 252 h-1 for phytol). Therefore, 

authors assumed that hierarchical nanoporous Pd-catalyst outperforms mesoporous analogues in allylic 

alcohol selective oxidation by stabilizing PdO nanoparticles and by improving in-pore diffusion and 

access to active sites for relatively bulky aliphatic substrates such as farnesol or phytol. 
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Scheme 19. Selective oxidation of phytol. 

Karimi et al.180 modified SBA-15 with bis(2-pyridyl)amide groups and loaded this support with 

palladium(II) acetate. The resulting material was utilised as a catalyst for oxidation of primary and 

secondary alcohols to the respective carbonyl compounds with air or pure oxygen. The catalyst 

showed high efficiency and could be recovered without any decrease in activity. A following study181 

compared this catalyst with analogous supported catalyst resulting by condensation of 3-aminopropyl 

silica with 2-acetylpyridine or bis(2-pyridyl)ketone and palladation of the respective 3-

iminopropylated supports. Using TEM analysis of the samples before and after catalysis, authors 

demonstrated that the nature of the ligand can affects the generation of nanoparticles in palladium 

catalyst deposited on hybrid amorphous silica. In the case of aerobic oxidation reactions using 

supported palladium catalyst on hybrid SBA-15, the combination of organic ligand and ordered 

mesoporous channels synergistically enhanced the overall catalytic activity, prevented aggregation of 

Pd nanoparticles and thus enabled the generation of a durable catalyst. Catalysts prepared with 

different types of bidentate ligands exhibited high efficiency (e.g., in the oxidation of 1-phenylethanol 

to acetophenone at 150 °C under solvent-free conditions they reached TOFs of more than 18000 h-1). 

A similar terminal modifying group was employed by Leitner and co-workers,182 who prepared 

[3-(bis(2-pyridyl)amino)propyl]triethoxysilane and condensed this reagent with TEOS in the presence 

of n-decylamine. The obtained functional siliceous material was loaded with palladium(II) acetate and 

reduced with benzyl alcohol (110 °C) or hydrogen (40 bar, 110 °C) to give a deposited Pd(0) catalyst, 

which was carefully characterised and found to be active in aerobic oxidation of alcohols in 

supercritical CO2. The observed high activity of Pd nanoparticles supported on mesoporous organic-

inorganic hybrid materials was explained by the presence of small primary crystallites (approx. 2 nm) 

that conglomerate to assemblies of about 25 nm in size, thereby leading to metal particles with a larger 

number of high-indexed planes in small volume units. 

A Pd-catalyst deposited on a guanidine-modified support was obtained using mesoporous 

molecular sieve SBA-16, 1,1,3,3-tetramethyl-2-[3-(trimethoxysilyl)propyl]guanidine, 
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(Me2N)2C=N(CH2)3Si(OMe)3, and a palladium(II) source.183 Catalytic properties of the resulting 

material were evaluated in aerobic oxidation of benzylic alcohols and cinnamyl alcohol, affording the 

products in 94-99 % yields and >99% selectivity. The catalyst could be reused 15 times without any 

notable decrease in its activity and selectivity. A related catalyst based on periodic mesoporous hybrid 

material with a palladium-guanidine complex was synthesised in the presence of CTAB as a structure-

directing agent.184 The resulting material exhibits a 2D-hexagonal structure with well-developed 

porous system, into which Pd-guanidine complex was covalently integrated. The resulting mesoporous 

catalyst was similarly tested in oxidation of benzylic alcohols under atmospheric pressure of O2, 

exhibiting high conversion and selectivity (up to 99 %).  

Reduction of nitro compounds 

Aminoaromatics produced by the hydrogenation of corresponding nitro precursors are 

important commodity chemicals employed in the synthesis of numerous industrially important 

products such as agrochemicals, pharmaceuticals and dyes.185, 186 Therefore, a number of researchers 

have focused on the selective reduction of nitro-compounds to the respective amines and other reduced 

derivatives mediated by deposited palladium catalysts. 

Recently, the treatment of MCM-41 with (MeO)3Si(CH2)3NHCH2CH2NH2 and, subsequently, 

with [PdCl(η3-C3H5)]2 were used to prepare a catalyst, which was successfully testedin hydrogenation 

of isomeric chloronitrobenzenes to chloroanilines (Scheme 20), showing only a low 

dehydrohalogenation.187, 188 The prepared catalyst was found to be highly active with reasonable 

selectivities, performing better than its commercial analogue (Pd supported on Al2O3).  

 

Scheme 20. Hydrogenation of isomeric chloronitrobenzenes to the corresponding 

chloroanilines. 

El-Sheikh et al.189 reported the synthesis of nanocomposite Pd-catalysts based on SBA-15 using 

two different reduction routes (under H2 and using sodium citrate) and compared them with Au and Pt-

analogues. In all the catalysts, metal nanoparticles with size < 30 nm were produced inside the SBA-15 

pores as well as at the external walls. Catalytic efficiency of the synthesised nanocomposites was 

tested in the reduction of 4-nitrophenol to 4-aminophenol (Scheme 21). It was found, that the catalytic 
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activity strongly depends on the synthetic route. Two efficiency trends were observed: Pd > Pt > Au 

for the H2-reduced materials, and Au > Pt > Pd for those obtained via the sodium citrate route. The 

highest reaction rate was observed in the case of Pd nanoparticles prepared by reduction with H2 with a 

rate constant of 0.715 s-1. 

NO2 NH2
H2 or Na citrate,

Pd/SBA-15

OH OH  

Scheme 21. Reduction of 4-nitrophenol into 4-aminophenol. 

3-Aminopropyl and 3-mercaptopropyl groups were used to modify surface of various 

composite catalyst, e.g., silica-coated magnetic Fe2O3 nanoparticles.190 After metalation with 

palladium(II) acetate, these particles were used as magnetically separable and recyclable catalyst for 

catalytic hydrogenation of nitrobenzene to aniline (Scheme 22). Pd nanoclusters were shown to be 

deposited with high dispersion and stability, especially when N-(2-aminoethyl)-3-

aminopropyltrimethoxysilane was used as the anchoring agent. The catalyst prepared with this N-

containing modifier showed the highest conversion rate of 0.39 µmol s-1 while its S-analogue bearing 

3-mercaptopropyl groups and commercial Pd carbon-supported catalyst exhibited conversion rates of 

only 0.12 and 0.08 µmol s-1, respectively. 

 

Scheme 22. Catalytic hydrogenation of nitrobenzene to aniline. 

Further examples of the use of silica-coated magnetic supports were provided by Ma et al., who 

described a method to stabilise Pd(0) particles either on the surface of hollow magnetic mesoporous 

spheres with Fe3O4 nanoparticles embedded in the mesoporous shell191 or on amine-functionalised 

magnetite nanoparticles.192 The hydrogenation of a set of nitro compounds was performed under mild 

conditions (1 atm H2/25 °C) with 96 – 99 % yields after 60 min. It was shown, that such catalysts can 

be easily magnetically separated and reused for up to five successive hydrogenation reactions without 

change in substrate conversion. The recyclability of the catalyst was attributed to the efficient 
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stabilization of the active Pd metal by the amine groups on the surface of hollow magnetic mesoporous 

spheres. Commercial 10% Pd/C catalyst required significantly longer reaction time under the same 

conditions.  

Qazi and Sullivan193 employed (MeO)3SiCH2CH2S(CH2)3S(CH2)2Si(OMe)3 to modify porous 

silicas with different pore sizes (5, 7 and 14 nm average diameter) and to prepare Pd-catalysts for 

hydrogenation of nitrobenzene to aniline (see Scheme 22 above). In contrast to expectations based on 

diffusion issues, conversion decreased with increase of the average pore size while it simultaneously 

increased with the growth of surface area. Catalyst with the smallest average pore size (5 nm), the 

narrowest pore size distribution and the highest surface area displayed the best kinetic profile, 

achieving complete reduction within 60 min at 10 atm H2 and 50 °C, while reactions over catalysts 

with 7 and 14 nm channels reached 100 % conversion in 80 and 120 min, respectively. The palladium 

surface loadings (1.3 mmol m-2 for material with 5 nm pores, 2.1 mmol m-2 for 7 nm pores, and 2.3 

mmol m-2 for 14 nm pores) suggest a greater degree of site isolation in the smallest-pore material, 

which could be play an important role in controlling the conversion efficiency. The use of commercial 

Pd/C (10 %) also resulted in complete conversion to aniline. However, leaching tests of the filtrate 

revealed that 24% of the Pd had leached from Pd/C in contrast to the negative leaching tests for all 

prepared catalysts as measured by the standard hot filtration tests and analysis for Pd in filtrate by ICP-

OES measurements. 

Yasuda et al.194 prepared a set of Pd catalysts supported on various silicas including 

mesoporous and non-porous ones aiming at an elucidation of activity-controlling factors in selective 

hydrogenation of 1-nitrohexane to N-hexyl hydroxylamine (Scheme 23). The Pd catalysts supported 

on non-porous silica or silicas that possessed large pores efficiently produced the target product in high 

yields (89 – 96 %). Based on this observation, the authors concluded that the influence of pore 

diffusion was small. On the other hand, the catalytic activity was strongly depended on the Pd 

dispersion, decreasing generally with the increased Pd dispersion (or the decreased Pd particle size). 

 

Scheme 23. Selective hydrogenation of 1-nitrohexane to N-hexyl hydroxylamine. 

A heterogeneous catalytic assembly consisting of Pd nanoparticles on silica support and ionic 

liquid multi-imidazolium brushes has been developed by Chen et al.195 The uniform Pd particles size 
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distribution (from 0.5 to 1.5 nm) has been found in these materials, which mediated the hydrogenation 

of various nitroarenes to arylamines with almost 100 % yield and selectivity under solvent-free 

conditions at room temperature and atmospheric pressure. Notably, the catalyst even facilitated the 

transformation of solid water-insoluble nitrobenzenes with complete conversions albeit at a lower rate. 

The performance of these material was compared with those reported in the literature,196, 197 indicating 

much higher efficiency of the catalyst combining the advantages of an ionic liquid, Pd nanoparticles 

and a heterogeneous catalyst. 

Hydrogenation of unsaturated compounds 

Hydrogenation of unsaturated double and triple bonds is among the most important processes 

in laboratory synthesis as well as in petrochemical, pharmaceutical and food industries.198, 199 These 

reactions typically require control of the selectivity and, hence, careful catalyst design.200 In order to 

prepare a series of supports surface-functionalised with ≡Si(CH2)3NHCH2CH2NH2 groups, Shimazu 

and co-workers201 treated mesoporous molecular sieve MCM-41 or silica (Aerosil 200) with 

(EtO)3Si(CH2)3NHCH2CH2NH2. MCM-41-based support was further trimethylsilylated and all solid 

supports were loaded with palladium(II) acetate. The resulting materials were tested as catalysts for 

regioselective hydrogenation of non-conjugated terpenic dienes (Scheme 24). The best results were 

obtained with Pd-catalysts based on aminated MCM-41 and silica; catalyst prepared from the silylated 

MCM-41 support exerted a lower activity. Furthermore, dienes possessing hydroxyl groups in their 

structure were hydrogenated faster than limonene, which was attributed to supportive interactions of 

the OH group in the substrate and those present on the support surface. 
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Scheme 24. Hydrogenation of non-conjugated terpenic dienes. 

Repeated Michael addition of methyl acrylate to aminopropyl-SBA-15 and amidation reactions 

of the ester groups with 1,2-diaminoethane were used to construct poly(amino-amine) dendrimers at 

the solid support and the resulting hybrid materials were used for immobilization of in situ generated 

Pd nanoparticles. The nanoparticle catalysts were tested in hydrogenation of allyl alcohol to 1-

propanol (Scheme 25), showing higher activities (TOF up to 2300 h-1, > 99 % conversion, selectivity 

up to 91 %) than catalysts based on dendrimer-encapsulated Pd nanoparticles. Selectivity of the 

reaction increased with increasing size (generation) of the hyperbranched modifier.202 

 

Scheme 25. Hydrogenation of allyl alcohol to 1-propanol. 

Another composite catalyst was prepared by Wu et al.203 via deposition of Pd nanoparticles 

onto aminopropylated silica and subsequent covering of these particles with polystyrene. As catalysts, 

the resulting materials showed good activities in hydrogenation of 2,4-dimethyl-1,3-pentadiene to 2,4-

dimethyl-2-pentene (Scheme 26) and allyl alcohol to 1-propanol (Scheme 25) performed in 

supercritical CO2. The authors suggested that the polymer coating in the catalysts suppresses the rate 

of isomerization of allyl alcohol during the hydrogenation reaction by altering both the environment of 

active sites and access to these active sites, similar to the function of dendrimers204 or polyelectrolyte 

multilayers.205 This positively affects the selectivity of the reduction while supercritical CO2 increases 

the reaction rates. 

 

Scheme 26. Hydrogenation of 2,4-dimethyl-1,3-pentadiene to 2,4-dimethyl-2-pentene. 

Han et al.206 synthesised a Pd(II)-loaded material from mesoporous silica modified by N-

heterocyclic carbene ionic liquids with different alkyl chain lengths and tested them in hydrogenation 

of alkenes and allyl alcohol. The activity of the catalysts in the reduction of allyl alcohol was similar to 

that of commercial Pd/C catalyst, while in hydrogenation of 1-hexene and cyclohexene, the efficiency 

was lower than that of Pd/C. Nonetheless, the selectivities to 1-propanol were in the range 80 – 85 %, 

which is higher than those obtained using the commercial Pd/C catalyst (74 %). This may indicate that 

the ionic liquids can not only immobilize the metal catalyst, but also enhance the selectivity of the 
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reaction. The steric hindrance of the prepared catalysts was expected to increase with the length of the 

alkyl chain present in the ionic liquid residua leading to an increase in reaction selectivity, but when 

the chain length was longer than C10, the selectivity to 1-propanol was not changed any further, 

presumably because the effective steric hindrance reaching a sort of limiting value. 

Ying et al.207 reported the synthesis of palladium nanoparticles supported on siliceous 

mesocellular foam using (MeO)3Si(CH2)3NHCONH2 or (MeO)3Si(CH2)3NHCONH(CH2)3Si(OMe)3 as 

the modifiers. The resulting materials were tested in hydrogenation reaction of activated olefins under 

relatively low hydrogen pressure (2.5 atm) and room temperature. The target products were obtained in 

excellent yields (quantitatively) and the catalyst was successfully recycled and reused for 10 runs 

without  loss in activity. 

Angelici et al.208 prepared air-stable heterogeneous Pd/Rh catalysts showing good activities in 

hydrogenation of arenes under atmospheric pressure. Similar catalysts were synthesised by treatment 

of Pd/SiO2 with [Rh2(µ-SR)2(Ph2PR′)2(CO)2] (R = (CH2)3Si(OMe)3, R′ = (CH2)3Si(OEt)3). The 

resulting complexes tethered on silica-supported metal catalysts were evaluated in hydrogenation of 

arenes.209 More recently, Mou and co-workers210 synthesised and characterised silica-supported Pd 

“single-atom alloy” by decreasing the loading of Pd to the ppm level when alloying Pd with gold 

nanoparticles at about 3 nm and applied it to selective hydrogenation of acetylene in the presence of an 

excess of ethylene. The conversion of acetylene was found to decrease while the selectivity to ethylene 

increased with decreasing Pd loading. When the temperature was raised from 80 °C to 160 °C, the 

selectivity for ethylene increased by about 10-times as compared to the monometallic Pd/SiO2 catalyst 

with similar, ppm-level Pd loading. This was explained by a weaker adsorption of ethylene on the Pd 

“single-atom alloy” compared with the monometallic Pd/SiO2 catalyst. The Pd in the fabricated 

structure was hold responsible for the increased reactivity, while the Au is believed to play a key role 

in isolating the Pd atoms and preventing the over-hydrogenation of acetylene. 

The preparation of Pd(0) nanoparticle catalyst supported by an aminopolymer-silica composite 

was reported by Jones et al.211 Small palladium nanoparticles with a narrow distribution were 

generated through reduction of Pd(II) species and loaded into a mesoporous silica material 

functionalised with branched poly(ethyleneimine) (PEI) polymers. The resulting catalysts exhibited 

high activity in hydrogenation of diphenylacetylene to selectively produce cis-stilbene (Scheme 27) 

under mild conditions. It was found that the rate of over-hydrogenation could be significantly reduced 

by increasing the support porosity and by using a high-molecular-weight polymer. These single-

component catalysts could be easily recovered and recycled with no leaching of palladium detectable, 

retaining their high activities and selectivity over several cycles. 

Page 38 of 55RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 38

 

Scheme 27. Hydrogenation of diphenylacetylene to cis-stilbene. 

Rhee and co-workers212 prepared Pd particles (2 – 4 nm in size) dispersed on two types of solid 

supports (3-aminopropyl functionalised silica gel and cross-linked poly(4-vinylpyridine-co-styrene) 

gel). The reactivity of obtained catalysts was evaluated in hydrogenation of various α,β-unsaturated 

carbonyl compounds. Both catalysts exhibited high yields of the C=C bond hydrogenation products 

(95 – 100 % in 0.5 – 6 h), although Pd dispersed on silica was more efficient than Pd dispersed on the 

polymer. The lower reactivity of latter catalyst was attributed to its structure, assuming that the pyridyl 

units of the polymer surrounded the Pd making it less accessible for catalysis. 

Dehalogenation 

In 1986, Nesterov et al.213 communicated that palladium catalysts prepared from silica gel modified by 

imine groups of the type RCH=N(CH2)3Si≡, where R is 2-, 3- and 4-pyridyl, 2-pyrryl, 2-thienyl, and 2-

furyl, are active in hydrodehalogenation of chloro-nitrobenzenes to nitrobenzene. Another interesting 

concept was coined by Angelici et al.,214 who prepared pyridylphosphine and 2,2′-bipyridine ligands 

equipped with functional 3-(trialkoxysilyl)propyl tags and their cationic Rh(I)(η2:η2-cycloocta-1,5-

diene) complexes. These complexes were subsequently reacted with silica-supported palladium 

(obtained by impregnation of SiO2 with H2[PdCl4], calcination and reduction with H2) to afford a 

mixed metal deposited catalyst, which exhibited reasonable activity (TON in the range 750 – 850) in 

hydrogenative defluorination of fluorobenzene to give cyclohexane (Scheme 28) and in similar 

reaction of 1,2-difluorobenzene. 

 

Scheme 28. Hydrogenative defluorination of fluorobenzene. 

Albonetti et al.215 prepared a series of bimetallic mesostructured Pd/Cu MCM-41 catalysts by 

impregnation with Pd precursors and direct hydrothermal synthesis using different silica sources. The 

catalysts were tested in hydrogenative dechlorination of a fluorinated substrate (Scheme 29). The 

incorporation of Pd and Cu during the course of MCM-41 synthesis, regardless of the hydrothermal 
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treatment, did not destroy the typical hexagonal channel array and ordered pore system of the parent 

MCM-41. However, the calcination for the removal of the template led to a segregation of metal 

oxides, and thus large Pd/Cu bimetallic particles were obtained after reduction. The impregnation led 

to pore occlusion, more pronounced for the sample obtained from silicates as silica source. After the 

reduction, both isolated monometallic Cu particles and large bimetallic Pd/Cu particles were found to 

coexist on the external surface of the support. A lower conversion of CF3OCFClCF2Cl was achieved 

with catalyst possessing larger metallic particles, while the presence of monometallic particles 

decreased the selectivity to the target fluorinated ether. 

 

Scheme 29. Hydrogenative dechlorination of trifluoromethyl 1,2-dichloro-1,2,2-trifluoroethyl 

ether to trifluoromethyl trifluorovinyl ether. 

Another active catalyst obtained by depositing palladium(II) acetate over SBA-15 type sieve 

equipped with the ≡SiCH2CH2CH2NHCH2CH2NEt2 groups216 was used in reductive dehalogenation of 

aryl halides with in situ generated trimethylammonium formate (Scheme 30). The reaction proceeded 

efficiently with aryl bromides and iodides (better than with Pd/C) and with only a minor leaching of 

Pd. Chlorobenzenes reacted at considerably slower reaction rates while aromatic fluorides remained 

unaffected, which allowed for selective removal of the more reactive (i.e., heavier) halide from 

unsymmetrical dihaloarenes. 

 

Scheme 30. Reductive dehalogenation of aryl bromide. 

Other reactions 

Catalyst obtained by deposition of palladium(II) acetate onto SBA-15 type support modified by 

(MeO)3Si(CH2)3NHCH2CH2NH2 and silylated with chloro-trimethylsilane was employed in addition 

of allyl chlorides to aldehydes and ketones to give homoallylic alcohols (Scheme 31).217 The reactions 

proceeded well with various substrates at 2 mol % Pd loading in the presence of SnCl2 as a 

stoichiometric additive. 
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Scheme 31. Representative addition of allyl chloride to benzaldehyd. 

Alkylation reaction of 3-chloropropylated SBA-15 with 1,4-diazabicyclo[2.2.2]octane (dabco) 

afforded another support bearing 3-(1-azonia-4-azabicyclo[2.2.2]octane)propyl groups at the surface. 

Catalyst obtained after deposition of palladium(II) acetate and combined with CuI co-catalyst (both 1 

mol. %) efficiently mediated oxidative coupling of various terminal alkynes to the corresponding 1,3-

butadiynes (Scheme 32).218, 219 

 

Scheme 32. Oxidative coupling of terminal alkynes to the corresponding 1,3-butadiynes. 

Tsai and co-workers prepared a Pd(II)–2,2′-bipyridine complex possessing two anchoring 

triethoxysilyl groups and grafted this complex onto nanosized MCM-41. The resulting anchored 

complex was successfully applied as a highly efficient and recyclable catalyst for Kumada coupling of 

arylmagnesium halides with aryl halides to give biaryls (Scheme 33)220 and in arylation of acyl 

chlorides with triarylbismuth reagents leading to ketones (Scheme 34).221 

 

Scheme 33. Kumada coupling of arylmagnesium halides with aryl halides. 

 

Scheme 34. Arylation of acyl chlorides with triarylbismuth derivatives. 

A rather specific class of immobilised catalytic systems was introduced by Alper,222, 223 who 

constructed224 amido-amine dendrimers (up to the fourth generation) at silica and modified them with 

Page 41 of 55 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 41

metal-binding donor groups at the terminal positions (typically -N(CH2PPh2)2). The resulting anchored 

ligands were extensively evaluated in various Pd-catalysed processes such as hydroesterification of 

alkenes (Scheme 35).225 A similar catalyst was prepared also with pincer-type ligating moieties and 

Pd/PCP terminal groups.226 

 

Scheme 35. Hydroesterification of alkenes with methanol affording methyl esters. 

Li et al. prepared a series of Pd-catalysts deposited over periodic mesoporous organosilica 

modified with 2-(diphenyphosphino)ethyl groups by surfactant-directed co-condensation of 1,4-

bis(triethoxylsilyl)benzene (or 4, 4′-bis(triethoxysilyl)biphenyl) with the pre-formed Pd(II) complex 

[PdCl2{Ph2PCH2CH2Si(OEt)3-κP}2] in the presence of P123 triblock copolymer or, alternatively, via 

post-synthetic palladation of a periodic mesoporous organosilica support prepared by co-condensation 

of [2-(diphenylphosphino)ethyl]triethoxysilane with 1,4-bis(triethoxylsilyl)benzene.227 Catalysts based 

on SBA-15 were obtained in a similar manner from [PdCl2{Ph2PCH2CH2Si(OEt)3-

κP}2]/Si(OEt)4/P123 or from [PdCl2{Ph2PCH2CH2Si(OEt)3-κP}2]/Si(OEt)4/PhSi(OMe)3/P123. The 

resulting materials were tested in allylation of benzaldehyde (Scheme 36) using water as the reaction 

medium. Catalysts based on periodic mesoporous organosilica typically showed higher activities than 

those derived from SBA-15, often comparable with [PdCl2(PPh3)2] as their homogenous 

counterpart.228-230  

 

Scheme 36. Allylation of benzaldehyde with allyl bromide. 

A series of mesoporous siliceous materials with different pore structures and the donor 2-

(diphenylphosphino)ethyl substituents was obtained by hydrolysis and condensation under 

solvothermal conditions of a mixture containing TEOS, [2-(diphenylphosphino)ethyl]triethoxysilane 

(ca. 3-13% of total Si in the reaction mixture) and various structure-directing agents.231 Upon treatment 

with palladium(II) acetate, these supports were converted to deposited Pd-catalysts, which were tested 
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in allylation of styrene oxide (Scheme 37). The reaction performed in the presence of indium(I) 

chloride (2.2 equiv.) afforded the desired product in ca. 60 – 80% yields. 

 

Scheme 37. Allylation of styrene oxide. 

 

Moreau et al.232 prepared a nanostructured silica by direct hydrothermal condensation of TEOS 

with dimethyl(4-pyridyl)[(3-triethoxylsilyl)propyl]ammonium iodide in the presence of 1-dodecyl-3-

methylimidazolium bromide as the structure directing agent. Supported catalysts obtained after 

treatment with palladium(II) acetate achieved good catalytic results (76 – 78 % yields) in cyanation 

(Scheme 38) of aromatic halides with potassium hexacyanoferrate(II). 

 

Scheme 38. Pd-catalysed cyanation of aromatic halides with potassium hexacyanoferrate(II). 

Furthermore, Pd catalysts deposited over mercaptopropylated MCM-41 were evaluated in Stille 

reaction (Scheme 39) of organostannanes with aryl halides to give the respective biaryls or arylalkanes 

in reasonable to very good yields (70 – 90 % after 5 h, TOFs up to 30 h-1).233 

 

Scheme 39. Stille reaction of organostannanes with aryl halides. 

A series of mesocelular MCF-type silica supports functionalised by treatment with 

(MeO)3SiCH2CH2CH2X, where X is NH2, SH and NHCONH2, and loaded with palladium(II) acetate 

were evaluated in Pd-catalyzed decarboxylation of stearic acid to n-heptadecane (Scheme 40).234 

These materials reached 80 – 95% conversion after 6 h at 300 °C with 100 % selectivity to the main 
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product. Similar reaction with ethyl stearate resulted in considerably lower conversion (ca. 15 %) and 

selectivity (n-heptadecane 87%, stearic acid 13%). 

 

Scheme 40. Decarboxylation of stearic acid to n-heptadecane. 

Pd-catalysts deposited on silica and 3-sulfonatopropyl modified silica were tested as catalysts 

for the direct synthesis of hydrogen peroxide from hydrogen and oxygen, with the latter exerting better 

activities and selectivity.235 More recent studies were focused on similar catalysts deposited on 3-

sulfonatopropyl modified mesoporous silica supports (MCM-41, MCM-48, MCF, MSU-1 and SBA-

15).236, 237 In this case, the catalytic results were shown to be influenced by the amount of acidic groups 

at the support surface and by calcination temperature used during the preparation of the MCF support.  

Several Pd-complexes such as [PdCl2{(Ph2PCH2)2NCH2CH2CH2Si(OEt)3-κ
2
P,P′}2] and 

[PdCl2{R2PCH2CH2Si(OEt)3-κP}2] (R = Ph, cyclohexyl) were covalently anchored onto mesoporous 

SBA-15 type silica238 and the resulting materials were studied as catalysts for the preparation of 

indoles from alkynes and 2-iodoaniline (Larock heteroannulation; Scheme 41). The reaction was 

shown to proceed in the liquid phase with the solid material serving as the source of the active metal 

and provided high yields of the heterocyclization product (80 – 85%). 

 

Scheme 41. Larock indole synthesis via heteroannulation. 

Reek et al.239 reacted silica with different trialkoxysilane-functionalised phosphines and then 

silylated the unreacted OH groups with Me2SiCl2/NEt3. The obtained phosphinylated supports were 

metalated by [Pd(dibenzylideneacetone)2] and employed as catalysts in allylic substitution of allylic 

substrates with sodium diethyl 2-methylmalonate (Scheme 42). In the reactions with the cinnamyl 
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substrate, all catalysts afforded preferentially the linear alkylation product (linear:branched ≈ 95:5-

98:2) but with different overall activities. 

Pd/silica

+

O

OEt

O

EtO

Na+
-O

CF3

O

+
COOEt

COOEt

COOEtEtOOC

 

Scheme 42. Allylic substitution with diethyl 2-methylmalonate. 

Johnson et al.240 immobilised a chiral ferrocene diphosphine241 on mesoporous molecular sieve 

MCM-41 and high-area non-porous silica gel (Carbosil) via introduction of 3-bromopropyl groups 

followed by subsequent quarternization with the ligand’s amino group. Catalysts obtained after 

palladation with PdCl2 were tested in asymmetric allylic amination of cinnamoyl acetate with 

benzylamine (Scheme 43). A comparison with the corresponding molecular catalyst showed that 

immobilization and the type of support affect both the regioselectivity (linear vs. branched product) 

and enantioselectivity of the allylation reaction. Whereas the molecular catalyst produced only linear 

product, the immobilised ones afforded ca. 50:50 mixture of the amination products (linear and 

branched; see Scheme 43). The catalyst prepared from Carbosil achieved a lower enantioselectivity (ee 

43%) than that based on MCM-41 (ee 93 – 99%). 

 

Scheme 43. Allylic amination of cinnamoyl acetate with benzylamine. 
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Pd pincer complexes were immobilised on silica via 3-(triethoxysilyl)carbamate groups and the 

resulting catalysts were tested in aldol reaction of methyl isocyanoacetate and benzaldehyde to give 4-

methoxycarbonyl-5-phenyl-4,5-dihydrooxazole (Scheme 44).242 The stable conversion (92 – 96 %) 

was achieved in five consecutive catalytic cycles with unchanged high selectivity to the trans-isomer 

(83 – 84 %). 

 

Scheme 44. Aldol reaction of methyl isocyanoacetate and benzaldehyde. 

Summary and outlook 

Palladium catalysts deposited over different types of silica (amorphous, mesoporous molecular 

sieves, solids obtained by co-condensation and many others) modified with suitable donor groups 

(most often with N-, S- and/or P-donor moieties) have been extensively studied due to their wide 

application field and favourable catalytic properties. Many catalysts reported to date show 

performance similar to or even superior to their homogeneous counterparts and can be reused in 

several reaction runs without any notable decrease of their activity and selectivity. The most often 

investigated processes in which these catalysts were employed are rather expectedly cross-coupling 

reactions that are of great practical importance due to their frequent applications in organic synthesis, 

typically as the crucial molecule-assembling steps. Notwithstanding, research into other reaction types 

such as redox processes continues apace, bringing new interesting and practically applicable results.  

The possibility of fine-tuning the catalytic properties by means of the anchoring group, metal 

additive (in bimetallic catalysts) or through the morphology of the support makes the deposited 

palladium catalysts extremely versatile and thus allows for the design of purpose-tailored materials. 

Despite the enormous progress in the area and numerous reports published in the recent past, the 

catalyst design still remains far from predictable. Although the simple anchoring groups in which -SH, 

-NH2 or -PPh2 are covalently attached to the support by means of an alkyl group typically perform well 

or are used as starting materials for further modifications of the support surface, the search for new, 

more complicated modifying “substituents” still appears desirable in view of sought-for improvements 

in the catalytic efficacy (see, for instance, the promising properties of Pd catalyst deposited over 
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supports with immobilised ionic liquids or dendrimers). Attention also should be paid to newly 

emerging siliceous materials with specific properties (internal structure, density etc.) that have been 

studied less than the already well-established ones such as conventional silica, mesoporous molecular 

sieves and zeolites. Alongside with the experiments aimed at the design of new catalysts and 

physicochemical studies into their properties, new applications (i.e., new organic processes employing 

these materials as catalysts) are sought for in order to fully exploit the multifaceted catalytic chemistry 

of immobilised palladium species.  
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