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Abstract 
 
Construction of carbon-carbon bonds is of pivotal importance in chemistry and 
their careful assembly can allow complex molecules such as peptides to be 
created. As a result, the development of carbon-carbon bond forming reactions 
has turned into an area appreciated by Chemists both in academia and industry. 
In addition, numerous Nobel prizes in chemistry have been awarded for this area 
of research. The C-C forming reactions have also facilitated the synthesis of 
natural products, pharmaceuticals, agrochemicals, conjugated polymers and 
nanomaterials.  
 
In this study, the intention is to synthesize heterogeneous palladium based 
catalysts that can efficiently catalyze Heck-Mizoroki, Sonogashira and Suzuki-
Miyaura C-C cross-coupling reactions. The heterogenisation of these coupling 
reactions improves their overall efficiency, since it allows for easy work-up and 
the reusability of the expensive palladium catalysts. In this direction, we used 
palladium and ceria based solid-solution oxides, PdxCe1-xO2-δ, as heterogeneous 
nanocrystalline catalysts for the three C-C cross-coupling reactions. The PdxCe1-

xO2-δ based solid solution oxides were synthesized in one-step using a urea-
assisted solution combustion method. These PdxCe1-xO2-δ solid solution oxides 
were fully characterized by XRD, ICP-OES, BET, XPS, SEM, EDX, TEM, TGA and 
Raman spectroscopy. All characterization techniques strongly suggested that 
Pd2+ was successfully incorporated into the lattice structure of ceria.  
 
The effect of reaction conditions on the catalytic properties of the PdxCe1-xO2-δ 
solid-solution oxide catalysts was studied in detail with the model Heck-
Mizoroki, Sonogashira and Suzuki-Miyaura cross-coupling reactions to obtain 
the optimum reaction conditions for each transformation. Then, a wide range of 
aryl halides was efficiently coupled to various alkenes or alkynes or boric acids. 
All the PdxCe1-xO2-δ based solid solution oxide catalysts exhibited high activity 
and afforded the desired products in good to excellent yields. A careful 
investigation through a series of suitable tests clearly showed that the C–C cross-
coupling is accomplished via a quasi-homogeneous mechanism by leached 
palladium(0) species. Characterization of the used catalyst suggests that Pd2+ in 
PdxCe1-xO2-δ is reduced in situ to Pd0 when employed in the cross-coupling 
reactions. However, the PdxCe1-xO2-δ catalysts were found to be both recoverable 
and recyclable. 
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Chapter 1 

A Brief Historical Overview of Palladium Catalysed 
Cross-Coupling Reactions 

The aim of this chapter is to use the available enormous amount of literature to 
classify, define and give an overview of the palladium catalysed C-C cross-coupling 

reactions. In addition, the reader is introduced to generally accepted and new 
knowledge on the catalytic mechanism of homogeneous C-C cross-coupling 

reactions.  
 

1.1 Introduction to palladium catalysed carbon-carbon cross-
coupling reactions 

Carbon–carbon (C-C) bond-formation reactions are important processes in 
chemistry. They provide key steps in the building of complex and bioactive 
molecules that are developed as medicines and agrochemicals [1, 2]. They are 
also vital in developing the new generation of organic materials with novel 
electronic, optical, or mechanical properties that play a significant role in the 
growing area of nanotechnology [1]. The careful construction of carbon-carbon 
bonds has continued to receive much attention following the awarding of Nobel 
prizes in chemistry for this area of research. These include works with the 
Grignard reaction (1912), the Diels Alder reaction (1950), the Wittig reaction 
(1979) and olefin metathesis by Y. Chauvin, R. H. Grubbs, and R. R. Schrock 
(2005). Recently, in 2010, it was awarded to Richard F. Heck, Ei-ichi Negishi and 
Akira Suzuki for their work on palladium catalyzed cross coupling reaction [3, 4].  
 

 
Scheme 1.1: Illustration of a palladium mediated carbon-carbon bond formation. 

 
A coupling reaction in organic chemistry is a general term for a variety of 
reactions where two hydrocarbon fragments are coupled with the aid of a metal 
catalyst (Scheme 1.1) [3, 4]. The palladium catalyzed C-C cross coupling 
reactions are largely divided into two types: 
➢ Heterocouplings couple two different hydrocarbon fragments (coupling 

partners); for example, the Sonogashira reaction of an Alkyne (RC≡CH) 

+C C Pd+
Pd

CC

C C + Pd

Two�hydrocarbon�
fragments�react�with�

palladium…

…to�form�two�new�
Carbon-palladium�bonds.

Palladium�then�pushes�the�two�
carbons�together�to�make�a�new�

carbon-carbon�bond.

Pd =�palladium
C�=�carbon
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and an aryl halide (R'-X) to give a substituted phenylacetylenes (RC≡
CR'). 

➢ Homocouplings couple two identical hydrocarbon fragments; for 
example, the Glaser coupling of two acetylides (RC≡CH) to form a 
dialkyne (RC≡C-C≡CR). 

 
The field of C-C cross-coupling has undoubtedly turned into an area appreciated 
by all synthetic chemists, both in academia and industry [2, 5]. An advantageous 
feature of these C-C cross-coupling reactions is substitution with retention of the 
configuration at the sp2 carbon, which had not been possible by conventional 
organic reactions (Scheme 1.2) [6]. These reactions can also selectively couple 
specific points even in complicated molecules with many reactive sites. These 
innovations have facilitated the synthesis of pi-conjugated compounds such as 
natural products, pharmaceuticals, liquid crystals, conjugated polymers, 
luminescence materials and the organic semiconductors. 
 

 
Scheme 1.2: Selected examples of palladium-catalyzed C-C coupling reactions. 

 
The field of C-C coupling reactions has gone through numerous stages of 
development (Table 1.1). The “first wave” (1965-1980) in the development of C-
C cross-coupling reactions was the investigation of metal catalysts that were 
capable of promoting these transformations in a selective fashion [7-9]. The 
“second wave” (1980-2000) focused on expanding the scope of coupling 
partners. The “third wave” (2000-2010) focused on the continuous improvement 
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and extension of each reaction type through ligand variation, accommodating 
wider substrates scope, by optimization and fine-tuning reaction conditions [10].  
 

Table 1.1: Selected examples of C-C coupling reactions 

 
Reaction (year of 

discovery) 
Reactant A Reactant B Catalyst Ref. 

Grignard reaction 
(1900) 

R-HC=O or 
R(C=O)R2 

 R-MgBr - - 
[11] 

Cadiot-Chodkiewicz 
coupling 
(1957) 

RC CX sp RC CH sp Cu 
[12] 

Castro-Stephens coupling 
(1963) Ar-X sp2 RC CH sp Cu 

[13] 

Tsuji-Trost reaction 
(1965) 

R(O=C-C-
C=O)R  

- R-PdCl2 - - [14] 

Corey-House synthesis 
(1967) R-X 

sp2, 
sp3 

R2CuLi or 
R-MgX sp3 Cu 

[15] 

Kumada coupling 
(1972) 

Ar-X sp2 Ar-MgBr sp2, 
sp3 

Pd or Ni or 
Fe 

[16] 

Heck reaction 
(1972) 

Ar-X sp2 RC=CHR sp2 Pd or Ni 
[17] 

Sonogashira coupling 
(1975) R-X 

sp2, 
sp3 RC CH sp Pd or Ni 

[18] 

Negishi coupling 
(1977) 

R-X sp2, 
sp3 

R-Zn-X sp2, 
sp3 

Pd or Ni [19] 

Stille cross coupling 
(1978) 

R-X 
sp2, 
sp3 

R-SnR3 
sp2, 
sp3 

Pd 
[20] 

Suzuki reaction 
(1979) R-X 

sp2, 
sp3 R-B(OR)2 sp2 Pd or Ni 

[21] 

Hiyama coupling 
(1988) 

R-X 
sp2, 
sp3 

R-SiR3 sp2 Pd [22] 

Buchwald-Hartwig reaction 
(1994) 

R-X sp2 R2N-H sp3 Pd 
[23] 

Fukuyama coupling 
(1998) R-X sp2 R-Zn-I sp3 Pd or Ni 

[24] 

Liebeskind–Srogl coupling 
(2000) 

RCO(Set) 
Ar-SMe 

sp2 R-B(OR)2 sp2, 
sp3 

Pd [25] 

 

R1___X +        R2___Y R1___R2

Halide Coupling Ligand Coupling product
3rd Wave partner 3rd Wave

2nd Wave

R1/R2 = Alkyl, Aryl, Alkynyl

Metal Catalyst
1st Wave
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Currently, the development of recoverable and recyclable catalysts through 
heterogenization of homogeneous catalysts is one of the hottest research topics. 
Hence, we are currently in the “fourth wave” of development for C-C cross-
coupling reactions. 
 
The first example of palladium-mediated carbon–carbon bond forming reactions 
was reported by Tsuji and co-worker in 1965 when they realized that a mixture 
of a palladium complex and ethyl malonate under basic conditions successfully 
generated carbopalladation products [14]. This discovery led to the universal 
development of palladium mediated coupling reactions. From this point on, 
throughout the 1970s, further examples of palladium mediated C–C cross-
coupling reactions continued to appear in literature (Table 1.1). Researchers 
worldwide strove to extend, apply and discover new variants of C-C cross 
coupling reactions; and such efforts still continue at an ever increasing pace 
today [26, 27]. Mizoroki and Heck independently investigated the palladium-
catalyzed reactions of alkenes with aryl or alkenyl halides in the presence of a 
base to afford the corresponding coupled products through a substitution of 
hydrogen in the alkenes. The coupling of aryl halides with alkynes instead 
alkenes was further improved by Sonogashira using copper and Pd catalysts. 
Makoto Kumada and Ei-ichi Negishi independently explored the coupling of aryl 
halides with organometallic derivatives of zinc and magnesium. The exploration 
of tin reagents in coupling chemistry is attributed to John K. Stille. A number of 
extremely useful transformations can be carried out using this chemistry [28-
30].  
 
In the late 1970’s, Akira Suzuki and Miyaura employed boric acids as alternative 
coupling partner to successfully prepare biaryl derivatives. The main advantage 
of using arylboronic acids as the coupling partner is that they are air-stable and 
readily accessible. In addition to the generation of new C-C bonds, highly efficient 
carbon-oxygen (C-O) and carbon-nitrogen (C-N) bond forming reactions are also 
known nowadays. Stephen Buchwald and John Hartwig developed the most 
notable C-N bond forming reactions. All these coupling reactions have been 
developed further and are now applied regularly on an industrial scale [31].  
 

1.1.1 General mechanisms for Pd-catalyzed C-C cross-coupling reactions 
The generally accepted mechanisms for palladium catalyzed C-C cross-coupling 
reactions are summarized in Scheme 1.3. All reactions start with a Pd(0) species 
preformed or formed in situ from Pd(II) catalyst precursors. The first step is 
common for all reactions, consisting of the oxidative addition reaction of aryl or 
vinyl halide to the Pd(0) species affording the R1-PdII-X intermediate [26, 32]. 
Therefore, the Pd(0) species is a nucleophile and the organohalide is an 
electrophile [32, 33]. Thus, in general, ligands L having strong electron donating 
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abilities and organohalides having an R1–X bond that can be considered as 
‘‘electron-poor’’ are expected to promote the oxidative addition step [32]. In the 
case of coupling reactions involving an organometallic partner (R2-M), the R1-
PdII-R2 intermediate is formed by a transmetalation step [5]. Finally, reductive 
elimination provides the R1-R2 coupling product, and regenerates the Pd(0) 
species.  
 

 
Scheme 1.3: General mechanism of cross-coupling reactions and the Heck–Mizoroki reaction under 

homogeneous reaction conditions [34]. 

 
A different catalytic cycle is involved in the Heck-Mizoroki reaction. In this case, 
the alkene is coordinated to the common R1-PdII-X intermediate. Then, a syn 
migratory insertion occurs and the organopalladium species formed undergoes 
β-hydride elimination to form the alkene product (R1C=CR2). Finally, a base-
assisted elimination of H-X regenerates the Pd(0) catalyst [26, 32, 35]. The issue 
of a possible Pd(II)/(IV) catalytic cycle, and the factors influencing the relative 
preference of Pd(0)/(II) versus Pd(II)/(IV) catalytic cycles are still not well 
understood and thus require further experimental and theoretical studies [32]. 
 

1.2 The types of palladium catalysed C-C cross-coupling reactions  
The following discussion on the palladium catalyzed cross-coupling reaction will 
be limited to Heck-Mizoroki, Sonogashira and Suzuki-Miyaura cross-coupling 
reactions. Research on these three coupling reactions has seen rapid growth in 
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the past several years, as evidenced by the growing total number of publications 
and patents in the area [2]. Literature search via the browser SciFinder gave the 
following results: “Heck reaction” = 7730 hits, Sonogashira reaction = 1101 hits, 
and “Suzuki reaction” = 2050 hits. However, the intent of this discussion is not to 
provide an exhaustive review of the history on the three chosen type of cross-
coupling reactions, but is to identify the most notable milestones and the genesis 
of the three cross-coupling reaction procedures presented here. There are 
several comprehensive handbooks and review articles on these and other type of 
C-C cross coupling reactions that are available in literature [4, 5, 32, 36-41]. 
 

1.2.1 Heck-Mizoroki cross-coupling reaction  
The father of palladium catalysed C-C cross-coupling chemistry is generally 
considered to be Professor Richard Heck [31]. Although other reports on 
organometallic coupling reactions had already been published, it was through 
his work that the palladium catalysed reactions became widely known and 
applied [42-53]. In the early 1970s, Richard F. Heck and Tsutomu Mizoroki 
independently discovered that aryl or alkenyl halides react with alkenes at 
elevated temperatures in the presence of a catalytic amount of a Pd(0) catalyst 
and a base to form substituted alkenes (Table 1.2) [17, 54]. Heck’s first 
publication of palladium catalysed cross-coupling reaction of alkenes with aryl 
halides appeared in 1972, the year following the publication of the same 
conversion, though under different conditions, by Mizoroki. Heck’s initial choice 
of catalyst was Pd(II) acetate, while Mizoroki used PdCl2 as a catalyst. However, 
Mizoroki didn’t follow up on his reaction and passed away in 1980 due to cancer 
[55]. Afterwards, the Pd-catalysed reactions were aggressively researched by 
Heck [43-46, 56-59] and in 1982 he wrote an Organic Reactions chapter that 
covered all the known instances on “palladium-catalyzed vinylation of organic 
halides” [44]. Through Heck’s work, the palladium catalyzed coupling reactions 
became widely known and applied [55]. Today, the palladium-catalyzed 
arylation of alkenes is most commonly referred to as the “Heck cross-coupling 
reaction”. 
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Table 1.2: The original reports of Pd-catalysed coupling of alkenes with aryl iodides by Heck and 

Mizoroki. 

 
 Reaction conditions %Yield Ref. 

Mizoroki et al. 1971 
1 mol% PdCl2, KOAc, MeOH, 120 °C, 

autoclave. 90 [54] 

Heck et al. 1972 1 mol% Pd(OAc)2, tri-n-butylamine, 
100 °C. 75 [17] 

 
The Heck cross-coupling reaction nowadays is known as the chemical reaction 
that forms substituted alkenes through reaction of unsaturated halides (or 
triflate) with an alkene in the presence of a base and a palladium catalyst (or Pd 
nanomaterial based catalyst) (Scheme 1.4) [42, 60-62]. In addition, the Heck 
reaction enables the functionalization of various molecules with different 
substituents, which otherwise take multiple steps to produce. Thus, an 
impressive list of synthetically useful transformations is possible via the Heck 
reaction. Nevertheless, intensive research efforts have been continuing because 
simpler, “greener,” and more efficient catalytic systems beyond the traditionally 
used organopalladium-based catalysts and phosphine ligands are needed for 
many existing and other possible new Heck cross-coupling reactions. 
 

 
Scheme 1.4: General schematic showing of the Heck reaction between an unsaturated halide or 

triflate and an alkene that contains at least one hydrogen atom (R1 = aryl, benzyl or vinyl; and R2 = 
aryl, acrylate ester, etc). 

 

1.2.1.1 Reaction mechanism of Heck-Mizoroki cross-coupling reaction 
The accepted Heck-Mizoroki cross-coupling reaction mechanism can be 
simplified into six distinct steps (Scheme 1.5). Initially, the palladium(II) 
precatalyst is reduced in situ by the reaction component (ligand, base and 
solvent) to form Pd(0) species (1). The catalytic cycle is initiated by the oxidative 
addition of the aryl halide (R1-X) to Pd(0) (2). Then, the olefin coordinates to 
palladium via π-bond formation to give a Pd-π complex (5).  
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Scheme 1.5: General reaction mechanism for the Heck cross coupling reaction. 

 
In the syn-migratory step, the organopalladium group (R1) migrates to the 
adjacent carbon (less hindered) of the palladium-olefin species and effects syn 
addition of palladium and R1 groups to alkene (6). The resulting intermediate 
undergoes β-hydride elimination to produce a C-C cross-coupled olefin product. 
In the final step, a stoichiometric amount of base reacts with the palladium 
complex (8) to regenerate the initial Pd(0) species via reductive elimination. 
 

1.2.1.2 The general features of Heck-Mizoroki cross coupling reactions 
In the traditional homogeneous Heck reaction, the active palladium catalyst is 
generally generated in situ from suitable precatalysts. The reaction conditions 
(base, temperature and solvent) controls the formation of the true active catalyst 
[55, 63]. The optimized reaction conditions usually tolerate a wide range of 
functional groups (esters, ethers, carboxylic acids, nitriles, phenols, dienes, etc.) 
on the aryl halide and the olefin components. The degree of substitution and the 
nature of the aryl halide have a large effect on the rate of the reaction. Usually, 
the alkene with a higher degree of substitution on the olefinic carbon undergoes 
a slower Heck-Mizoroki cross-coupling reaction; and substitution predominantly 
occurs at the least substituted olefinic carbon [63]. With regards to the aryl 
halide (R1-X), the nature of the X group on the aryl halide influences the reaction 
rates in the following order: I > Br >> Cl. Hence, under similar conditions, 
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iodoarenes are more reactive than bromo- and chloroarenes. The Heck-Mizoroki 
cross-coupling reaction rates are also influenced by the electronic nature 
(electron-donating or electron-withdrawing) of the substituents on the aryl 
halide and the olefin component. Usually, the electron deficient olefins are more 
reactive and give higher yields. Lastly, the migratory insertion of the palladium 
complex into the olefin and the β-hydride elimination both proceed with syn-
stereochemistry; hence, the Heck-Mizoroki cross-coupling reactions are 
stereospecific [55, 63]. 
 

1.2.1.1 Industrial application of Heck-Mizoroki cross-coupling reaction 
The Heck-Mizoroki coupling reaction has become one of the most studied and 
frequently applied palladium catalyzed cross-coupling reactions in the 
pharmaceutical, agrochemical and fine chemical industry [64]. The application of 
Heck-Mizoroki coupling reactions in the fine chemical industries offer several 
advantages such as total cost reduction, tolerance to many functional group (no 
waste-producing protection/deprotection steps), and mild reaction conditions 
[65]. The industrial application of Heck-Mizoroki coupling reactions includes the 
large-scale (250 Kg) synthesis of Rilpivirine, which is a pharmaceutical drug for 
the treatment of HIV infection by Johnson & Johnson (Scheme 1.6) [66]. Their 
optimized method involves the Heck-Mizoroki coupling of iodoanaline and 
acrylonitrile to form an intermediate for the synthesis of Rilpivirine. 
 

 
Scheme 1.6: The use of the Heck reaction in the synthesis of rilpivirine [66]. 

 
The industrial application of Heck-Mizoroki coupling reactions includes the 
large-scale production of the herbicide prosulfuron (Figure 1.1) by Syngeta AG 
and Novartis [40, 65]. Another example is the production of naproxen by 
Albemarle with a scale of about 500 tons per year. Other selected examples of 
fine chemicals that are produced industrially using the Heck reaction are shown 
in Figure 1.1. These include the synthesis of montelukast (anti-asthma agent) by 
Merck and cinacalcet (calcium regulator) by Teva [40, 66]. 
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Figure 1.1: Representative examples of the application of the Heck reaction in the synthesis of 

pharmaceutical (bonds which are formed are highlighted in red) [40, 64, 65]. 

 

1.2.2 Sonogashira cross-coupling reactions 
In 1975, Kenkichi Sonogashira and co-workers reported on the cross-coupling 
reactions of aryl halides with alkynes in the presence of a palladium catalyst and 
copper(I) salts to prepare substituted alkynes (Scheme 1.7) [18]. Although, 
similar reactions that used palladium only had been reported earlier by Cassar et 
al. [67] and Heck et al. [56], Sonogashira et al. demonstrated that their catalytic 
system improved the yields of the products under milder conditions by using the 
copper(I) salts as co-catalysts. The Sonogashira cross-coupling reaction has 
become one of the most important and widely used sp2–sp carbon–carbon bond 
formation reactions in organic synthesis [37, 68-74]. This reaction has the 
advantage that the desired products can be obtained in excellent yields under 
comparatively milder reaction conditions [73-75]. It is frequently employed in 
the synthesis of natural products, biologically active molecules, heterocycles, 
molecular electronics, dendrimers and conjugated polymers or nanostructures 
[36, 37, 76].  
 

 
Scheme 1.7: General equation of the Sonogashira cross-coupling reaction [18]. 
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1.2.2.1 Reaction mechanism of Sonogashira cross-coupling reaction 
The mechanism of the Sonogashira cross-coupling reactions follows the expected 
oxidative addition-reductive elimination pathway. However, the structure of the 
catalytically active species and the precise role of the copper(I) salt co-catalyst 
are unknown [73]. The reaction begins with the generation of the Pd(0) species 
(1) from a Pd(II) precatalyst by reduction with the alkyne substrate (or base or 
ligand). The Pd(0) then undergoes oxidative addition (2) with the aryl halide 
followed by transmetallation by the copper(I)-acetylide (7). It is suggested that 
the presence of base results in the formation of a pi-alkyne Cu-complex (6) 
which makes the terminal proton on the alkyne more acidic, leading to the 
formation of the copper acetylide (7) [73]. This copper acetylide complex 
continues to react with the palladium intermediate (3), with regeneration of the 
copper(I) salt (4). Reductive elimination affords the coupled product (10) and 
the regeneration of the catalyst completes the catalytic cycle [73]. 
 

 
Scheme 1.8: General reaction mechanism of the Sonogashira cross-coupling reaction. 

1.2.2.2 The general features of the Sonogashira cross-coupling reactions  
The beneficial features of the Sonogashira cross-coupling reaction are that it can 
be conducted under mild reaction conditions, it tolerates almost all functional 
groups and the copper(I) salts are commercially available [36, 71, 75]. Thus, it 
can be performed at lower temperatures and the reagents don’t need to be 
thoroughly dried. Depending on the desired outcome of the reaction, the 
reactions can be simplified even further by using the base as a solvent without 
the need of the co-solvent [71]. In addition, the reactions are very scalable; it 
works well on both very small and large scale without the product losing its 
stereochemical information. Hence, it is possible to use the Sonogashira coupling 
reaction for complex substrates in the late stages of a total synthesis [36].  
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1.2.2.3 Industrial and synthetic application of the Sonogashira reaction 
The Sonogashira cross-coupling reaction is widely used for total synthesis 
because of its broad applicability and convenience [38, 77-79]. Recently, 
researcher at Wyeth reported a method for a multi-kilogram synthesis of GRN-
529 (Scheme 1.7), which is a negative allosteric modulator of the metabotropic 
glutamate receptor 5 (mGluR5) [65]. This drug was found to be efficient in 
reducing repetitive behaviours (autism) without sedation and is generally 
therapeutic.  
 

 
Scheme 1.9: Application of the Sonogashira cross-coupling reaction in the synthesis of the GRN-529 

drug [26, 65].  

 
Other examples of the use of the Sonogashira cross-coupling reactions at the 
industrial scale include the synthesis of an ammunomudula drug (fingolimod) 
for treating multiple sclerosis by Novartis (Figure 1.2) [26, 65]. Another example 
is the synthesis of terbinafin, which is an active agent of the antimyotic lamisil by 
Sandoz [65]. Lastly, there are currently two different companies, Medichem and 
Dipharma Francis, that hold patents for synthetic routes to cinacalcet using Pd/C 
or PdCl2 catalysed Sonogashira cross coupling reactions [26, 65]. 
 

                   

    
Figure 1.2: Examples of fine chemicals industrially produced using the palladium catalysed 

Sonogashira reaction (creation of the bold red bond) [65]. 

 

1.2.3 Suzuki-Miyaura cross-coupling reactions 
The Suzuki-Miyaura reaction is a palladium catalyzed C-C cross-coupling 
reaction between different types of organoboron compounds and various 
organohalides or triflates in the presence of base to form poly-olefins, styrenes  
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Scheme 1.10: Suzuki-Miyaura cross-coupling reactions 

 
and substituted biphenyls (Scheme 1.10) [1, 21, 80-83]. The Suzuki-Miyaura 
cross coupling reaction has been recognized as a powerful tool for the 
construction of new organic compounds. Akiri Suzuki and Norio Miyaura 
discovered it in 1979 [21, 81]. 
 

Table 1.3: The representative examples of Suzuki-Miyaura cross-coupling reactions. 

Cross-coupling reaction Year Ref. 

 

1979 [81] 

 

1979 [21] 

 
1981 [84] 

 
1985 [86] 

 
1992 [87] 

 

1995 [80] 

 
A further significant development came in 1981 when they realized that 
arylboronic acids were able to participate efficiently as coupling partners; this 
allowed for efficient synthesis of substituted biaryls [84]. The importance of 
biaryl units as components in many kinds of compounds, such as 
pharmaceuticals, herbicides, natural products, polymers, molecular wires and 
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liquid crystals has attracted enormous interest from the chemical community [1, 
80, 85]. The stability and weak nucleophilic nature of organoboron compounds 
makes this reaction very practical. It tolerates a wide range of functional groups 
and it is highly chemoselective. Furthermore, boron compounds are generally 
non-toxic and the reaction can be run under very mild conditions. Hence, the 
Suzuki-Miyaura cross-coupling reaction is very popular in the pharmaceutical 
industry [83]. Some of representative reactions between various organoboranes 
and a number of organic electrophiles are shown in Table 1.3. 
 

1.2.3.1 Reaction mechanism of Suzuki-Miyaura cross-coupling reactions 
The Suzuki-Miyaura cross-coupling reaction mechanism is similar to the catalytic 
cycle for the Heck and Sonogashira cross-coupling reactions (Scheme 1.9).   
 

 
Scheme 1.11: Generally accepted reaction mechanism for Suzuki-Miyaura cross-coupling reactions. 

The mechanistic difference being that the organopalladium intermediate (3) 
formed from the oxidative addition of the aryl halide (2) to the Pd(0) species 
goes through a metathesis process to give another organopalladium species (4). 
This metathesis step is the exchange of the halide anion (e.g. I-) attached to the 
palladium for the anion of the base (e.g. CO32-). The quaternization of the boric 
acid (5) through its reaction with the base forms a highly nucleophilic 
alkylborate complex (6) that readily undergoes a transmetallation step with the 
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Pd(II) complex (4). Finally, the C-C coupled product (9) is formed through the 
reductive elimination step and the active Pd(0) species (1) is regenerated in the 
process [1, 82, 83]. 
 

1.2.3.2 The general features of the Suzuki-Miyaura cross-coupling reactions  
The Suzuki-Miyaura cross-coupling reaction has numerous beneficial features 
because the reactions can be conducted under mild reaction conditions and it 
tolerates a wide variety of functional groups [83, 88-91]. In addition, the boric 
acids are stable or unaffected by water. Boronic acids are environmentally safer 
and their inorganic by-products are easily removed from the reaction mixture. 
Lastly, the stereochemistry of the reactants in preserved in the coupled products. 
Hence, these reactions are highly suitable for industrial processes [1].  
 

1.2.3.3 Industrial application of Suzuki-Miyaura coupling reactions 
Suzuku-Miyaura cross-coupling reactions are heavily used in the synthesis of 
natural products, pharmaceuticals, agrochemicals, and new electronic materials 
because substituted biaryls are key substructures of these compounds [2, 26, 
64]. The largest industrial process that uses Suzuki cross-coupling reactions is 
operated by BASF in their production of the fungicide boscalid (1000 tons per 
year) (Scheme 1.12) [64, 65]. The fungicide boscalid is used on a large number of 
crops, especially vegetables and fruit growing in open air [26, 65]. 
 

 
Scheme 1.12: Application of the Suzuki cross-coupling reaction in the synthesis of fungicide boscalid. 

 
Another important example involves the production of o-tolylbenzonitrile 
(Figure 1.3) on a multiton scale by Clariant AG. The o-tolylbenzonitrile serves as 
a common intermediate for the production of an entire family of Sartan 
derivatives as blood pressure lowering agents [2, 26, 64, 65]. Some additional 
examples of the use of the Suzuki reaction in industrial processes include the 
synthesis of crizotinib (Figure 1.3), an anticancer drug marketed by Pfizer; the 
synthesis of ruxolitinib (Figure 1.3), a drug for treatment of myelofibrosis, 
marketed by incyte; and the synthesis of an anticancer drug, abiraterone acetate 
(Figure 1.3) that is manufactured by Hoffmann-La Roche and Janssen 
Pharmaceuticals [26, 65]. 
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Figure 1.3: Examples of fine chemicals industrially produced using the palladium catalysed Suzuki 

reaction (creation of the bold red bond) [26, 65]. 

 

1.3 The palladium catalysts  
Palladium based catalyst are the most robust and most frequently used catalysts 
for C-C cross-coupling reactions. This is due to their high functional group 
tolerance and the low sensitivity of their organopalladium intermediates 
towards water and air [2]. The properties of a palladium catalyst can be easily 
fine-tuned to enhance its catalytic activity through appropriate ligand design 
[92]. Furthermore, the oxidation-reduction processes required in C-C cross-
coupling reaction are easily attainable with palladium, since the 0 and +2 (and 
+4) oxidation states prevail [93]. Hence, palladium catalysts tend to react 
without the involvement of radical intermediates; thus, the formation of side 
products is limited. Other metals in catalysts that have been used for C-C cross 
coupling reactions include copper [94, 95], nickel [93, 96], cobalt [97, 98] and 
iron [99, 100]. However, these catalysts are more likely to undergo one electron 
redox processes and are not well understood mechanistically [93]. Furthermore, 
they require higher catalyst loadings and elevated reaction temperatures. Hence, 
palladium based catalysts continue to be the catalysts of choice for most C-C 
cross-coupling reactions.  
 
Most C-C cross-coupling reactions are carried out under homogenous conditions 
using organopalladium complexes. This is because homogeneous systems have 
higher reactivity, hence, high turnover numbers can be obtained under milder 
reaction conditions [101]. However, the efficient separation and subsequent 
recycling of homogenous palladium catalysts remains a challenge and an aspect 
of economic relevance [88, 102-104]. Herein, we will look very briefly at the 
most prominent homogeneous based palladium catalytic systems, and the 
development of heterogeneous based catalytic systems will be discussed in 
detail later, in Chapter two. 
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1.3.1 Prominent types of organopalladium complexes as catalysts  
The past three decades have seen important advances in the development of 
highly active organopalladium complexes as catalysts for a variety of C-C cross-
coupling reactions [92, 105]. However, there is no universal catalytic system for 
the palladium catalysed cross-coupling reactions that has been developed so far. 
Many of the methods varying in ligand, solvent and ancillary reagents, effectively 
perform specific subtasks. 
 
A diverse range of organopalladium complexes can be used as homogeneous 
catalyst because palladium can form strong and weak metal–ligand complexes 
with a wide variety of ligands containing donor atoms such as phosphorus, 
nitrogen, and oxygen [62, 105-107]. The synthesis of these organopalladium 
complexes typically involves the complexation of Pd(II) salts with organic 
ligands containing phosphines, phosphites, carbenes, thioethers, or pincer 
functional groups [106]. The roles of ligands can be categorized into three major 
divisions: (i) Tuning the reactivity and selectivity of catalytic species by 
increasing the rate of oxidative addition. (ii) Binding palladium into a relatively 
stable complex, which slowly releases active palladium species during the 
reaction by means of thermal decomposition or reaction with components of the 
reaction system. (iii) Support of zero-valent palladium as reactive monomeric 
complexes and prevention of cluster formation that eventually leads to catalyst 
deactivation [106]. The three most prominent organopalladium complexes that 
are used as catalysts in C-C cross-coupling reaction are discussed below. 
 

1.3.1.1 Phosphorous ligands based palladium complexes 
The phosphine ligand can be regarded as a classical ligand; most of the earliest 
palladium precatalyst relied on phosphine ligands (Pd(PPh3)4, PdCl2(PPh3)2 and 
[1,1'-bis(diphenylphosphino)ferrocene]palladium(II) dichloride) [4, 31, 108]. 
Several groups have established that the combination of bulky and electron-rich 
phosphines with different sources of palladium generate species that show high 
catalytic activity in cross-coupling reactions (Figure 1.4) [39, 93, 103]. The use of 
strong σ-donating ligands, such as trialkylphosphines, increases electron density 
around the palladium metal center, thus, accelerates the oxidative addition step 
[105]. In addition, bulky phosphine ligands have been found to accelerate the 
elimination step in the reaction mechanism [93].  
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Figure 1.4: Depiction of common phosphine based palladium complexes. 

 

1.3.1.2 N-heterocyclic carbene palladium complexes 
Palladium complexes bearing N-heterocyclic carbene (NHC) ligands have 
emerged as the system of choice for cross-coupling reactions due to their stable 
metal–ligand framework (Figure 1.5 ) [39, 92, 93, 109]. NHCs can offer very high 
catalytic activity combined with stability and longevity in comparison with 
phosphine ligands [109].  
 

 
Figure 1.5: General structure of palladium complexes bearing N-heterocyclic carbene ligands. 

 
The two-electron donor NHC ligands combine strong sigma-donating properties 
with a shielding steric pattern that allows for both stabilization of the metal 
center and enhancement of its catalytic activity (Figure 1.6) [39]. As a result, the 
number of well-defined NHC-containing palladium(II) complexes is growing, and 
their use in coupling reactions is witnessing increasing interest  [92, 93, 109]. 
The palladium complexes with sterically demanding and electron-rich NHC 
ligands are one of the most active cross-coupling catalysts [92, 93, 109, 110]. 
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Figure 1.6: Depiction of common NHCs ligands used for the synthesis of NHC based palladium 

complexes. 

 
In general, most palladium NHC complexes are believed to be disassembled or 
decomposed in situ, during the pre-activation stage to liberate highly active 
palladium(0) species. Hence, most organopalladium complexes serve as 
precursors for the active palladium catalyst. Astakhov et al. [62] recently did a 
study on the catalytic activity of a broad range of Pd-NHC catalytic systems. They 
discovered that the Pd-NHC’s activity is predominantly determined by the 
cleavage of the metal–NHC bond, and the catalyst performance is strongly 
affected by the stabilization of the metal clusters that are formed in situ (Scheme 
1.13).  
 

 
Scheme 1.13: Routinely assumed (A) and new (B) operation modes for palladium-NHC catalytic 

systems [62].  
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In their study, the formation of Pd nanoparticles was observed from a broad 
range of metal complexes with NHC ligands under standard Heck-Mizoroki 
reaction conditions (Scheme 1.13). A mechanistic analysis revealed two different 
pathways to connect palladium-NHC complexes to “cocktail” type catalysis: (i) 
Reductive elimination from a Pd(II) intermediate and the release of NHC-
containing byproducts and (ii) dissociation of NHC ligands from palladium 
intermediates. Hence, the operational mode of most organopalladium complexes 
is still not clear, however, a combinational mode of operation (molecular and 
cocktail-type) might have to be assumed as an intrinsic feature for homogeneous 
systems that are catalysed by organopalladium complexes.  
 

1.3.1.3 Palladacycles complexes 
Palladacycles were introduced as new air and moisture stable precatalyst for 
Heck and Suzuki cross-coupling reactions by Beller et al. in 1995 [111]. Since 
then, palladacycles have been extensively used for a wide variety of cross 
coupling reactions [39, 71, 111-114]. The palladacycles appeared as long-sought 
structurally defined catalysts, promising a conservation of coordination shell 
during the catalytic action (Figure 1.8).  
 

           

  
Figure 1.7: Depiction of common classes of palladacycles that are used in cross coupling reactions 

[114]. 

 
However, recent findings have demonstrated that palladacycles actually are not 
structurally robust catalysts, but are disassembled during the pre-activation 
stage and release either mono-phosphine or phosphine-free low-ligated Pd(0) 
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complexes [112]. Thus, there is a strong possibility that palladacycles also form 
part of a large class of Pd catalyst precursors, which loose their structural 
identity in the catalytic cycle. 
 

1.4 Factors influencing the catalytic activity: Operating conditions  

1.4.1 Reaction media  
The palladium catalyzed C-C cross-coupling reactions can be carried out in wide 
variety of solvents, even though the reactions are media sensitive. Some cross-
coupling reactions prefer solvents of low polarity and low Lewis basicity, while 
others prefer media of high polarity and high coordination capability [105]. 
Common solvents are N,N-dimethylformamide (DMF), dimethylacetamide 
(DMA), N-methylpyrrolidone (NMP), dimethylsulfoxide (DMSO), toluene, 
acetonitrile, tetrahydrofuran (THF), dioxane and ionic liquids [71]. More 
recently, a lot of attention has been paid to environmentally benign media, which 
include supercritical carbon dioxide, fluorous systems, solvent-free systems, 
water and aqueous systems. However, in most cases, the “solvent-free” 
conditions are actually not literally such, but are performed in media composed 
of substrates and often liquid amine base. 
 

1.4.2 Reaction temperature 
Temperature is a very important parameter in palladium catalyzed cross-
coupling reactions; it controls the operation mode of catalytic systems. There are 
contradicting views on the role of temperature in literature [105]. In general, the 
reactivity of the catalyst is improved at elevated temperatures; at room 
temperature, the reaction may take days or weeks to go to completion. This is 
important since a lower rate of oxidative addition would result in the build-up of 
unsupported palladium(0) that leads to deactivation [71, 105]. In addition, high 
catalyst loadings are required in most cases if the reactions are performed at 
room temperature. However, in some cases the selectivity of the catalyst is 
suppressed at elevated temperature. Thus, the choice of the reaction 
temperature depends a lot on (i) the type of coupling reaction performed, (ii) 
and the desired outcomes of the reaction [71]. 
 

1.4.3 Substrate dependence  
The limiting stage for the most cross-coupling catalytic cycles is the oxidative 
addition step. The nature of the halide group on the aryl halide influences the 
reaction rates in the following order: I > Br >> Cl [71, 105]. Thus, the aryl halides 
can be subdivided into very reactive (aryl iodides and electron-deficient aryl 
bromides), less reactive (all other aryl bromides and electron-deficient aryl 
chlorides) and very unreactive (all other aryl chlorides). Another type of 
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substrate dependence is a largely seen in Heck coupling reaction, where the 
degree of substitution and steric effect around the olefinic carbon determine the 
net results (yield and selectivity) [71, 105].  
 

1.4.4 Bases  
The palladium catalyzed C-C cross-coupling reactions doesn’t take place in the 
absence of a base [35, 71]. The role of the base is not entirely clear, however, it is 
believed to play multiple roles in the coupling reactions. The base is believed to 
play a role in preactivation and reduction of palladium(II) precatalysts to form 
the active Pd(0) species. The base also stabilizes and prevents deactivation of 
palladium(0) in the form of weak labile ligands. It is also responsible for the 
regeneration of palladium(0) from the palladium(II) hydride intermediate 
through the reductive elimination step. The common bases that are used in C-C 
cross-coupling reactions include tertiary amines (triethylamine), and inorganic 
bases (acetates, carbonates, bicarbonates and phosphates) [35]. 
 

1.4.5 Additives 
Additives are commonly used to stabilize the small clusters of palladium(0) that 
are formed in situ, and prevent their growth to palladium metal particles 
(deactivation by nucleation) [71, 105]. They do this by allocating palladium(0) 
species more time to enter the catalytic cycle through balancing the rate of 
palladium(0) formation, the rate of oxidative addition and the rate of nucleation 
of palladium particles. Common additives are tetraalkylammonium salts (n-
Bu4NBr, n-Bu4NCl, Et4NCl, BnEt3NBr) [71, 105].  
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Chapter 2 

Recent developments in palladium catalysed 
heterogeneous C-C cross-coupling reactions 

The aim of this chapter is to give an overview of recent developments in 
heterogeneous palladium catalysed C-C cross-coupling reactions. Selected examples 
of palladium immobilised on various classes of supports and their application in C-

C cross-coupling reactions are reviewed. 
 

2.1 Introduction: Towards heterogeneous catalysis  
Homogeneous and heterogeneous catalyses are usually studied separately, with 
minor intersections between the researchers from each field [1]. The popularity 
of heterogeneous catalysis is motivated by cost-efficient industrial applications, 
while the high selectivity needed in organic synthesis facilitated the evolution of 
homogeneous catalysts [1]. Despite the high activity and selectivity of 
homogeneous catalysts, the use of heterogeneous catalytic systems has been 
favoured, and this is chiefly because of the practical advantages of heterogeneous 
systems, which include easy separation of the catalyst from the products and 
reusability of the catalyst in successive reactions (Scheme 2.1) [2]. However, on 
the basis of sustainable development and the unprecedented complexity of the 
molecules required for new materials in pharmaceutical research, the only 
conclusion is that neither homogeneous nor heterogeneous catalysis alone can 
achieve the aim of developing a highly active, selective and recyclable catalyst [1-
3]. Thus, the search or development of a “superior catalyst” requires 
convergence of both catalysis in order to combine the stability and easy 
recyclability of the heterogeneous catalysts with the high activity and selectivity 
of the homogeneous catalysts.  
 

 
Scheme 2.1: A general flow diagram of a catalytic process.  
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The challenge of using a homogeneous catalyst is that it requires costly and 
relatively lengthy multistep procedures to separate it from the reaction 
mixtures, and usually the catalyst is deactivated during work-up. In addition, 
homogeneous catalysts have a greater chance of contaminating the desired 
products with the residual metal. These are significant drawbacks, since they 
pose a severe problem for large-scale synthesis, especially in the pharmaceutical 
industry where the palladium contamination levels have to be below 5 ppm 
(Table 2.1) [2, 4]. There are generally two alternative approaches to 
homogeneous catalysis; the first one includes the development of ultra-low 
catalyst loading systems that make recovery of the metal unnecessary for many 
purposes. This minimizes both the cost and contamination problems. The second 
approach involves the heterogenization of homogeneous catalysts to take 
advantage of the easy recovery of the palladium catalyst from the reaction 
mixture by simple decantation or filtration. The development of recoverable and 
recyclable catalysts that minimize metal contamination of the products is a 
crucial issue in view of a hypothetical scale-up of the catalytic process at 
industrial level [5].  
 

Table 2.1: Maximum acceptable concentration limits for the residues of metal catalysts that can be 
present in a pharmaceutical products [2]. [Reproduced with permission from John Wiley and Sons] 

Metal 
Concentration (ppm) 

Oral Parenteral 
Pd, Pt, Ir, Rh, Ru, Os 5 0.5 

Mo, V, Ni, Cr 10 1.0 
Cu, Mn 15 1.5 
Zn, Fe 20 2.0 

 
This chapter briefly reviews recent developments in palladium based 
heterogeneous catalytic systems that catalyse C-C cross-coupling reactions. The 
common heterogeneous cross coupling reactions mainly differ in (i) chemical 
nature (organic, inorganic, or hybrid organic-inorganic) of the solid matrix 
entrapping the Pd catalyst, and (ii) the nature of the catalyst attachment 
(chemical or physical entrapment). There are also examples of efficient catalysts 
for cross coupling reactions based on colloidal palladium particles. The 
usefulness of the developed catalytic system is usually determined by its activity, 
selectivity and the life-time of the catalyst [6]. The catalytic activity is essentially 
a measure of percentage of reactants that are converted to product(s); while, the 
catalytic selectivity is a measure of the percentage of the reactants that are 
converted to useful or desired product(s). The life-time of a catalyst is the time 
that the catalyst will maintain the required level of activity and selectivity [6]. 
The life-time of the catalyst can also be estimated by the number of times it can 
be recovered and reused. Lastly, the efficiency of a catalytic process is measured 
in turnover number (TON) and turnover frequency (TOF). The TON indicates the 
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number of turns or cycles a catalyst does within the catalytic cycle before it is 
deactivated (Eq 1.1); while, the TOF is simply the TON per unit time (Eq 1.2). 
 

𝑇𝑂𝑁 = 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡

 

 
𝑇𝑂𝐹 = 𝑇𝑂𝑁

𝑡𝑖𝑚𝑒
 

 
In the following discussion, the catalytic properties discussed above will be used 
to judge the efficiency of the selected examples of most common palladium 
catalysed heterogeneous catalytic systems for cross-coupling reactions. The aim 
of the discussion is not to be exhaustive but rather to report on recent and 
intersting research progress aimed at developing heterogeneous palladium 
based catalytic systems. 
 

2.2 Classes of heterogeneous palladium catalysts employed in cross-
coupling reactions 

The heterogenization of homogeneous catalysts by incorporation into an 
inorganic support or an organic polymer is currently one of the hottest research 
topics [7]. However, the “true nature” of the active catalyst is still unclear and 
debatable [2]. The following discussion will look at recent successes in the 
development of heterogeneous catalytic systems for C-C cross-coupling 
reactions. To provide a consistent view, the examples in the discussion below are 
based on Suzuki and Heck cross coupling reactions only.  
 

2.2.1 “Naked” palladium nanoparticles as precatalysts. 
Palladium nanoparticles have become one of the most interesting forms of 
heterogeneous catalysts because of their size- and shape-dependence, as well as 
their efficient catalytic activities in cross-coupling reactions (Scheme 2.2) [1, 8]. 
The “naked” palladium nanoparticles are the simplest form of heterogenoues 
catalyst for C-C cross-coupling reactions, and they can be separated from the 
reaction mixture (with varying success) by filtration or centrifugation and 
reused several times [8, 9]. Despite their great contributions though, it is still 
relatively hard to recover and recycle them, while preventing their deactivation 
during work-up. The “naked” palladium nanoparticles can also agglomerate or 
sinter upon heating, leading to formation of insoluble non-catalytic palladium 
black [8]. Hence, their use is still limited.  
 

(1.1) 

(1.2) 
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Scheme 2.2: Possible reaction pathways operating in Pd nanoparticle catalysed Suzuki and Heck 

cross-couplings [1]. [Adapted from reference [1]]. 

 
Consequently, supported palladium nanoparticles as catalyst for C-C cross-
coupling reactions are being developed. Most often, palladium nanoparticle 
become less catalytically active upon immobilisation on a solid support. 
Therefore, there is still a gap between “naked” and immobilized palladium 
nanoparticle catalysts; thus, an improved catalytic system with desirable aspects 
of both systems (high activity and easy recovery) is needed. It is envisaged that 
better understanding of the reactivity of palladium nanoparticle can lead to 
design of more efficient heterogenoues catalyst for C-C cross-coupling reactions. 
Hence, the study of “naked” palladium nanoparticle is still relevent.  
 

2.2.2 Palladium nanoparticles supported on carbonaceous supports 
Palladium supported on activated carbon and carbon nanotubes has been widely 
applied in C-C cross-coupling reactions (Scheme 2.3). Palladium on activated 
carbon (Pd/C) is by far the most often used catalyst in heterogeneous Pd-
catalyzed coupling reactions because of its efficiency and commercial availability 
[4]. It can be purchased in various quantities with a palladium content ranging 
from 1-20%. Generally, the Pd/C catalyst can convert a large variety of 
substrates with good to excellent yields, and it is recoverable and recyclable over 
many cycles [4]. 
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Scheme 2.3: Schematic illustration of palladium nanoparticles supported on carbonaceous material 

as efficient catalyst for C-C cross-coupling reactions [10]. [Adapted from reference [10]] 

 
Jadhav et al. recently (2016) developed a greener, cost effective and 
operationally convenient Pd/C based catalytic system for Suzuki and Heck cross-
coupling reactions [11]. In their setup, the Pd/C catalyst was dispersed in an 
aqueous hydrotropic medium (sodium xylene sulphonate solution) that had 
surfactant like properties and thus stabilised the Pd/C catalyst (Figure 2.1). 
 

 
Figure 2.1: Plausible mechanism of the C-C bond forming reactions in the presence of a hydrotrope 

(sodium xylene sulphonate solution) [11]. [Adapted from reference [11]] 

 
The hydrotropism allows for easy solubility of several types of organic 
functionalities in water, without the need for toxic and volatile organic co-
solvent. In addition, good to excellent yields of the desired product were 
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obtained and the catalytic system was recycled three times without any 
significant loss in activity. Lastly, they reported that the palladium metal was 
“not leached” out into the product solution. Hence, this system is highly desirable 
from economical as well as environmental points of view.  
 
Carbon nanotubes (CNTs) have emerged as highly efficient supports for 
palladium and they have been extensively used as alternatives to activated 
carbon supports [10, 12-14]. The CNTs can be evenly distributed in solution due 
to their small size, thus increasing interaction between the reactants and the 
catalyst. In most cases, the activity of CNTs in C-C cross-coupling reactions 
depends on their preparation method [14]. In a recent review by Labulo et al., a 
wide range of surface functionalization techniques for carbon nanotubes that 
improve their properties as catalyst supports was reported (Scheme 2.4) [13]. 
The resulting CNTs catalysts displayed superior catalytic performance and better 
recyclability in C-C cross-coupling reactions. 
 

 
Scheme 2.4: Graphical representation of Pd nanoparticles supported on carbon nanotubes [13]. 

[Adapted from reference [13]] 

 
Lakshminarayana et al. [10] extended the study by investigating the influence of 
various carbonaceous materials as supports in C-C cross-coupling reactions. 
They prepared and studied palladium oxide (PdO) nanoparticles impregnated on 
nanocarbon supports, such as single walled carbon nanotubes (SWCNT), 
multiwalled carbon nanotubes (MWCNT), carbon nanofiber (CNF), graphene 
oxide (GO) and reduced graphene oxide (RGO) [10]. The prepared catalysts were 
characterized fully and then explored in Heck cross-coupling reactions to assess 
their catalytic activity. Graphene oxide (GO) was found to be the best support for 
PdO (Table 2.2). The enhanced catalytic activity of PdO/GO was believed to be 
due to the combined effect of a high degree of surface-bound oxygenated 
moieties, high surface area, electron conductivity and the mesoporous nature of 
graphene oxide.  
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Table 2.2: Performance of PdO supported carbon materials on Heck coupling reaction [10]. 
[Reproduced with permission from John Wiley and Sons] 

 
Catalyst Reaction time (min) Yield (%) TOF (h-1) 

PdO/SWCNT 20 72 939 
PdO/MWCNT 15 63 1080 

PdO/CNF 40 38 274 
PdO/GO 5 80 4144 

PdO/RGO 90 68 194 
 

2.2.3 Palladium nanoparticles supported on metal oxides 
A significant number of researchers have devoted themselves to finding a new 
and a more efficient Pd/MxOy based heterogeneous catalyst for C-C cross-
coupling reactions [15, 16]. In this direction, Köhler and co-worker prepared and 
comparatively studied the catalytic activity of Pd/Al2O3, Pd/TiO2, Pd/NaY and 
Pd/CeO2 [17]. The catalysts were able to efficiently catalyse Suzuki cross-
coupling reactions and the obtained TOFs for each catalyst were: Pd/Al2O3 = 
9600 h-1, Pd/TiO2 = 9700 h-1, Pd/NaY =4100 and Pd/CeO2 = 4100 h-1. The 
Pd/Al2O3 and Pd/TiO2 catalysts showed very similar and high catalytic activities, 
while the activities of Pd/NaY and Pd/CeO2 were much lower. The TOF values of 
Pd/NaY and Pd/CeO2 catalysts are almost half of those obtained with Pd/Al2O3 
and Pd/TiO2. These results clearly suggest that the nature of the support has a 
great influence on the activity of the catalyst.  
 
In addition, Köhler et al. stated that the Pd concentration in solution during the 
reaction correlated clearly with the progress of the reaction (Figure 2.2). Thus, 
this clearly suggests that the dissolved molecular palladium represents the “true” 
catalytically active species, and the prepared Pd/MxOy solids are simply 
precursors to the “true catalyst”. Furthermore, they found that the dissolved “Pd 
is deposited back” onto the support at the end of the reaction. This phenomenon 
is commonly referred to as the palladium “release-capture or dissolution-
redeposition” mechanism [18]. 
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Figure 2.2: Time-dependent correlation of palladium leaching with the progress of the reaction [17]. 

[Adapted from reference [17]]. 

 
In 2013, Amoroso et al. [19] extended the study of Köhler and co-workers [17] to 
examine the catalytic activity of Pd/MxOy type catalysts in more detail. More 
specifically, they wanted to investigate the influence of the “point of zero charge” 
on the catalytic activity of the Pd/MxOy type catalysts. The point of zero charge 
(PZC) is commonly used in surface science to determine the ability of a given 
solid material to adsorb ions. This concept describes the condition when the 
electrical charge density on a surface of a solid is zero [20]. 
 

 
Figure 2.3: Representation of adhesion and release of Pd2+ from CeO2 and La2O3 surfaces under 

catalytic conditions (pH ∼10.5) [22]. [Adapted from reference [22]] 

 
Generally, the PZC is represented as the pH value at which a solid submerged in 
an electrolyte exhibits zero net electrical charge on the surface [20, 21]. A given 
metal oxide (MxOy) surface will have a “positive charge” at solution pH values 
less than the PZC value and thus be a surface on which anions may adsorb. On 
the other hand, the metal oxide surface will have a negative charge at solution pH 
values greater than the PZC value and thus be a surface on which cations may 



 35 

adsorb [20, 21]. The later statement is more relevant to the current discussion 
since the pH of the reaction mixture in most cross-coupling reactions is around 
10, thus it is above the PZC values of the investigated metal oxide supports 
(Figure 2.3). This allows one to investigate the degree of adhesion of palladium 
onto the support, which in turn speaks to the observed catalytic activity and the 
degree of palladium leaching. 
 

Table 2.3: The physicochemical properties of the synthesised Pd/MxOy based catalysts and their 
catalytic activity results [19]. [Reproduced with permission from Springer Nature] 

 

Compound 
(Pd/MxOy) 

Pd loading 
(wt%) 

Surface 
area (m2/g) 

Pore 
volume 
(cm3/g) 

PZC 
(pH) 

Time 
(min) TOF 

(h-1) 

Pd/La2O3 1.76 16.6 0.24 8.8 13 9130 
Pd/CeO2 1.93 31.5 0.18 6.7 260 450 

Pd/Pr6O11 1.93 22.4 0.36 7.8 17 6980 
Pd/Sm2O3 1.84 11.9 0.21 7.4 21 5650 
Pd/Gd2O3 1.99 10.2 0.09 7.5 20 5940 

 
Hence, Amoroso et al. [19] used the PZC values of each support to investigate the 
role it plays in the adhesion of the palladium nanoparticle onto the surface of the 
support (Figure 2.3). Thus, they prepared and investigated the catalytic activity 
of Pd/La2O3, Pd/Pr6O11, Pd/Gd2O3, Pd/Sm2O3 and Pd/CeO2 catalysts. The 
physicochemical properties of these materials are tabulated in Table 2.3. The 
study revealed that under basic reaction conditions (pH~10.5), the surfaces of 
metal oxides with high PZC values are less negatively charged than the surfaces 
of metal oxides with low PZC values. Thus, the La2O3 support has the lowest 
density of negatively charged sites on the surface since it has the highest PZC 
value. Hence, the higher reactivity of Pd/La2O3 is correlated to a marked degree 
of Pd2+ leaching from the surface of La2O3, favoured by its less negatively charged 
surface. On the contrary, the lowest activity observed with Pd/CeO2 is correlated 
to the higher degree of negatively charged surface that helps in keeping Pd2+ ions 
anchored onto the support (Figure 2.3). 
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Figure 2.4: Cross-coupling reaction yield (after 2 min of reaction) vs. proton molar concentration 

(10−PZC) for Pd/MxOy [19]. [Adapted from reference [19]] 

 
Figure 2.4 further shows that there is a linear correlation between the yield of 
the coupling product and the PZC ([H3O+] = 10-PZC) value of the metal oxide 
support. Thus, the observed reactivity trend over the MxOy support is related to 
the tendency of each Pd/MxOy system to deliver different amounts of palladium 
into the solution. In summary, the above discussion shows that there is a close 
relation between the “surface charge” (correlated to the PZC value) and the 
extent of palladium leaching at the pH of catalysis (determined by reaction 
conditions). Thus, the more positively charged is the surface (this is the case of 
Pd/La2O3), the more consistently Pd leaches, and therefore, a higher reaction 
rate is observed. In addition, a much slower reaction is observed when Pd/CeO2 
is used as the catalyst, which shows the lowest PZC value within the series of 
Pd/MxOy. Consequently, prolonged recycling is possible in the case of Pd/CeO2 

due to minimal palladium leaching. Thus, from the studied series of Pd/MxOy 
type catalysts, Pd/CeO2 was chosen as superior precatalyst based on the 
following considerations: (i) It can be recycled several times without a 
significant decrease of activity (prolonged recyclability), and (ii) the organic 
product is sparsely contaminated since there is minimal leaching of palladium 
into the solution. 
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Figure 2.5: Plausible heterogeneous catalytic reaction mechanism suggested for Suzuki cross-

coupling over the Pd/CeZrO4-δ redox catalyst [30]. [Adapted from reference [30]]. 

 
Alternatively, the physicochemical properties of the support can be enhanced 
through substitution of a foreign metal ion in its lattice structure [23]. The 
substitution of foreign metal ions into the lattice of reducible oxides such as CeO2 
and TiO2 to form ionic solid-solution oxides (Ce1-xMxO2-δ or Ti1-xMxO2-δ) has given 
materials which show extraordinarily high activity for a variety of catalytic 
reactions, especially in gas-phase oxidation reactions [23-29]. However, such 
catalysts have rarely been applied to C-C cross-coupling reactions. Recently, 
Burange and co-workers reported that the ionic ceria-zirconia (CeZrO4-δ) solid-
solution oxides exhibit high redox properties and thermal stability that make 
them better catalyst supports than the pure metal oxide counterparts [30]. 
Hence, CeZrO4-δ solid-solution oxide was used to immobilise palladium 
nanoparticles and the resultant catalyst (Pd/CeZrO4-δ) was explored in Suzuki 
cross-coupling reactions (Figure 2.5). The mechanistic investigation proved that 
the redox couple (Ce4+/Ce3+) in the CeZrO4-δ support enhances the catalytic 
activity through creation of oxygen vacancies. Furthermore, the support 
displayed strong metal-support (Pd-CeZrO4-δ) interactions and hence, “no 
leaching” was observed. Thus, it was concluded that the reactions were “truly” 
heterogeneous [30]. 
 
Lichtenegger and co-workers [31] extended Burange et al. [30] study by directly 
incorporating palladium ions into the lattice of the support (ceria), instead of 
modifying the properties of the support with a foreign metal. In their study, they 
used CeO2 and SnO2 as supports and prepared a series of corresponding ionic 
solid-solution oxides: Ce0.99Pd0.01O2-δ, Ce0.79Sn0.2Pd0.01O2-δ, Ce0.495Sn0.495Pd0.01O2-δ, 
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Ce0.20Sn0.79Pd0.01O2-δ, and Sn0.99Pd0.01O2-δ. These catalysts were thoroughly 
explored in Suzuki coupling reactions of phenylboric acid with various 
bromoarenes (Figure 2.6). The Ce0.79Sn0.2Pd0.01O2-δ, Ce0.20Sn0.79Pd0.01O2-δ and 
Sn0.99Pd0.01O2-δ catalysts showed extraordinarily high activities in Suzuki cross-
coupling reactions, while the binary solid-solution oxide Ce0.99Pd0.01O2-δ proved 
to be the least active catalyst. Thus, the Sn containing catalysts were shown to be 
more active; however, the results do not show a clear correlation between Sn 
loadings and the catalytic activity. Furthermore, complete conversion was 
achieved in five subsequent reactions for all catalysts, except when Ce0.99Pd0.01O2-

δ and Ce0.495Sn0.495Pd0.01O2-δ were used. 
 

 
Figure 2.6: The Suzuki coupling of 4-bromotoluene with phenylboronic acid (after 30 minutes) using 

0.5 mol% Pd. Cat 1: Ce0.99Pd0.01O2-δ, Cat 2: Ce0.79Sn0.2Pd0.01O2-δ, Cat 3: Ce0.495Sn0.495Pd0.01O2-δ, Cat 4: 
Ce0.20Sn0.79Pd0.01O2-δ, Cat 5: Sn0.99Pd0.01O2-δ [31]. [Adapted from reference [31]]. 

 
Thorough catalyst leaching, recovery and recyclability studies were conducted 
and the results demonstrate a clear correlation between reactivity and amount 
of leached palladium (Figure 2.7). Hence, these findings also support the 
hypothesis that the coupling reaction is actually catalyzed by small amounts of 
leached palladium via a homogeneous reaction mechanism. Thus, the 
synthesised catalysts are simply precatalysts that act as a palladium reservoir for 
the active palladium species. Hence, it was concluded that the observed high 
recyclability of the catalysts could be attributed to a Pd release-capture 
mechanism, as discussed earlier.  
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Figure 2.7: TOF vs. Pd-concentration in the solution (Pd leached). Cat 1: Ce0.99Pd0.01O2-δ, Cat 2: 

Ce0.79Sn0.2Pd0.01O2-δ, Cat 3: Ce0.495Sn0.495Pd0.01O2-δ, Cat 4: Ce0.20Sn0.79Pd0.01O2-δ, Cat 5: Sn0.99Pd0.01O2-δ [31]. 
[Adapted from reference [31]]. 

 

2.2.4 Palladium nanoparticle immobilised on magnetic supports  
Recent studies show that magnetic nanoparticles are excellent supports for 
various catalysts [32-39]. There are four different categories for magnetic 
nanoparticles, namely: metals (Fe, Co, Ni), alloys (FePt, FePd), metal oxides (FeO, 
Fe2O3, Fe3O4), and ferrites (CoFe2O4, CuFe2O4). Amongst the four categories of 
magnetic nanoparticles, iron oxides have attracted the most attention because 
they have stronger magnetic properties and they can be synthesized easily by co-
precipitation methods [40]. Supported palladium magnetic catalysts have the 
benefits of easy recovery and reuse after the completion of the reactions; 
because the catalyst can be easily separated from the reaction media by 
application of an external magnetic field [35]. Magnetic separation obviates the 
requirement of catalyst filtration or centrifugation after the completion of 
reactions, and provides a practical technique for recycling the magnetized 
catalysts (Figure 2.8) [34, 35].  
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Figure 2.8: Examples of the use of magnetic separation through the application of an external 

magnetic field [41]. [Adapted from reference [41]]. 

 
A growing number of these magnetic supports have been applied in the 
development of magnetically recoverable palladium based heterogeneous 
catalysts for C-C cross-coupling reactions. Nasrollahzadeh and co-workers have 
explored the application of Pd/Fe3O4 magnetic nanoparticles as an efficient 
catalyst for C-C cross-coupling reactions [42]. The Pd/Fe3O4 magnetic catalyst 
was found to be stable during the Suzuki coupling reaction and good to excellent 
yields (83-95%) were obtained over a wide range of substrates. At the end of the 
Suzuki reaction the catalyst was recovered by the application of an external 
magnet, and successively reused (five times) without significant loss of activity. 
 

 
Figure 2.9: Schematic illustration of synthesis steps for C@Fe3O4 core-shell nano-spheres. 

 
Although the bare or “naked” iron oxide nanoparticles have been shown as 
efficient supports for cross-coupling reactions, the immobilization of palladium 
directly on the iron oxide occasionally suffers from aggregation or surface 
oxidation. The oxidation and agglomeration of magnetic nanoparticles results in 
the loss of their magnetism, thus it is crucial to develop efficient strategies to 
strengthen their chemical stability [38]. In this regard, a wide range of stabilizing 
or coating materials, including organic stabilizers (polymers and surfactants) 
and inorganic stabilizers (silica and carbon materials), have been used to protect 
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magnetic nanoparticles (Figure 2.9) [38, 43]. In this direction, Kumar et al. [44] 
developed efficient C@Fe3O4 magnetic core-shell nano-sphere by coating the 
Fe3O4 nanoparticle with a carbon shell to protect them from being corrupted or 
oxidized under cross-coupling reaction conditions. Palladium was then 
immobilised on the synthesized C@Fe3O4 magnetic core-shell to form a 
structurally stable Pd/C@Fe3O4 catalyst (Figure 2.10). This catalyst was 
efficiently used as a heterogeneous catalyst for Heck cross-coupling reactions 
and good to excellent yields were obtained. The catalyst was easily separated 
from the reaction mixture through application of an external magnet and the 
catalyst was reused five times without any significant drop in activity. The 
authors claim that this catalytic system is “truly heterogeneous” even though 
some leaching was observed. They concluded that their catalytic system is 
advantageous because of its heterogeneity, high stability, gram scale 
applicability, magnetic separability and consequent reusability [44]. 
 

 
Figure 2.10: Graphical illustration of Pd/C@Fe3O4 catalysed cross-coupling reactions [44]. [Adapted 

from reference [44]]. 

 
The coated magnetic nanoparticles can be further modified by functionalising their surface 
with various functional groups (Figure 2.11). The functionalization of the surface of 
magnetic nanomaterials is an important step in the design of supported catalysts, because it 
significantly improves the physical and chemical properties of the magnetic supports [41]. 
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Figure 2.11: Different approaches to functionalize magnetic nanoparticles (MNPs): (A) iron oxide 

MNPs; (B) silica-coated MNPs and (C) carbon-coated MNPs [41]. [Adapted from reference [41]]. 

 
Heidari and co-worker [45] used isoniazide to functionalize the surface of the 
Fe3O4@SiO2 magnetic nano-support (Figure 2.12). The isoniazide groups were 
used as linkers to immobilize palladium nanoparticles and prevent 
agglomeration on the surface of the Fe3O4@SiO2 magnetic nano-support [45].  
 

 
Figure 2.12: Fe3O4@SiO2/isoniazide/Pd mediated Suzuki cross-coupling reaction [45]. [Adapted 

from reference [45]]. 

 
The resulting material, Fe3O4@SiO2/isoniazide/Pd catalyst, was explored as a 
heterogeneous catalyst in Suzuki coupling reactions and good to excellent yields 
were obtained. The authors reported that the beneficial features of their system 
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include its generality, high efficiency and straightforward reusability of the 
heterogeneous catalyst through use of a magnet.  
 
An interesting but slighly different approach was reportded by Khalili and co-
workers [12], who supported palladium nanoparticles on an amino-vinyl silica 
functionalized magnetic carbon nanotube (CNT). Their core–shell contains 
CNT@Fe3O4@SiO2-Pd in which the functionalized SiO2 helps with stabilization of 
Pd nanoparticles and is also responsible for the reduction of Pd(II) to Pd(0) 
without the need for adding external reducing agents (Figure 2.13). This catalyst 
was sucesfully applied to Heck and Suzuki cross-coupling reactions and high 
yields were obtained. In addition, the catalyst exhibited good recyclability, and 
was used for six consecutive recycles without a significant loss in catalytic 
activity. 
 

 
Figure 2.13: A graphical illustration of the CNT@Fe3O4@SiO2-Pd catalyst [12]. [Adapted from 

reference [12]]. 

 
There are also numerous examples where organopalladium complexes, instead 
of palladium nanoparticles, have been immobilised on magnetic supports [46, 
47]. Recently, Collinson and co-workers [46] prepared a [(NHC)Pd(allyl)Cl] 
complex, bearing an N-heterocyclic carbene (NHC) and immobilised it on silica-
coated magnetic nanoparticles (Scheme 2.5). Their strategy tries to combine the 
high activity of palladium–NHC catalysts with the facile separation and 
recyclability of a heterogeneous catalyst. The catalyst was then explored on 
Suzuki coupling reactions and good to excellent yields were obtained with a 
variety of substrates. However, the immobilised palladium complex could not be 
reused because the catalyst was disassembled or decomposed under Suzuki 
coupling reaction conditions. The recycled catalyst only achieved 20% yield 
compared to the 90% yield that was obtained in its first use. The authors 
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suspected that the base was responsible for the detachment of the magnetic 
silica linker.  
 

 
Scheme 2.5: Immobilisation of the [(NHC)Pd(allyl)Cl] complex on silica-coated magnetic 

nanoparticles [46]. [Adapted from reference [46]]. 

 
Better results were obtained by Fareghi-Alamdari et al. [47] who supported 
bis(N-heterocyclic carbene) palladium complex on silica coated magnetic 
nanoparticles (Figure 2.14).  
 

 
Figure 2.14: bis(N-heterocyclic carbene) palladium complex supported on silica coated magnetic 

nanoparticles [47]. [Adapted from reference [47]]. 

 
Their catalyst was efficiently used for Suzuki coupling reactions and at the end of 
the reaction, it was separated though application of an external magnet and 
recycled for six consecutive times. Hence, it not easy to identify the reaction 
parameters that caused the Collinson and co-workers [46] catalytic system to be 
unrecyclable because the reaction conditions are different (Table 2.4). However, 
the most obvious difference is the choice of the base; Collinson and co-workers 
used NaOH, which is very harsh, while Fareghi-Alamdari et al. used K2CO3. 
Hence, optimisation of reaction conditions is crucial in developing efficient and 
more robust catalytic systems.  
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Table 2.4: The reaction conditions for Suzuki cross-coupling reactions catalysed by supported 
palladium complexes in references [65] and [66]. 

 
Reaction conditions 

Solvent Base Temperature (°C) 

Collinson et al. [46] Isopropanol NaOH 60 
Fareghi-Alamdari et al. [47] DMF/H2O K2CO3 80 

 
In summary, the literature survey shows that remarkable progress has been 
made regarding the activity and recyclability of magnetic nanoparticle-based 
catalytic systems. However, thorough leaching and recyclability tests are still 
needed for most reported magnetic catalytic systems to unequivocally confirm 
that the magnetic palladium supported catalysts are responsible for the 
observed catalytic activity and not the leached material [35]. 
 

2.2.5 Polymer supported palladium nanoparticles 
Literature reports have repeatedly shown that palladium nanoparticles can be 
efficiently supported on polymer frameworks [48-55]. Recently, Nemygina and 
co-workers immobilised various palladium precursors (PdCl2, PdCl2(CH3CN)2, 
and PdCl2(PhCN)2) on amino-functionalized hyper-crosslinked polystyrene [56]. 
They then evaluated the influence of palladium oxidation state (Pd(II) or Pd(0)) 
on the rate of Suzuki cross-coupling of 4-bromoanisole and phenylboronic acid. 
Their results revealed that the catalyst impregnated with a PdCl2(CH3CN)2 
precursor resulted in better catalytic activity (Scheme 2.6). The PdCl2(CH3CN)2 
precursor was believed to be more active because it experienced less hydrolysis 
and precipitation in comparison with PdCl2 and PdCl2(PhCN)2 under Suzuki 
coupling reaction conditions. Lastly, they observed that unreduced, Pd(II) 
containing precatalyst were more active [56].  
 

 
Scheme 2.6: Catalysts of Suzuki cross-coupling based on functionalized hyper-crosslinked 

polystyrene [56]. [Adapted from reference [56]]. 
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Another interesting strategy for immobilising palladium on a polymer was 
reported by Li and co-workers [57], who synthesised a robust and flexible 
cellulose sponge using a dual-cross-linking cellulose nanofiber (CNF) with γ-
glycidoxypropyltrimethoxysilane (GPTMS) and polydopamine (PDA) (Scheme 
2.7). The characterisation results revealed that the palladium nanoparticles were 
homogeneously dispersed on the surface of the cellulose nanofiber with a 
narrow size distribution. The catalyst was successfully applied to heterogeneous 
Suzuki and Heck cross-coupling reactions. Leaching of palladium was negligible 
and the catalysts could be conveniently separated from the products and reused 
[57].  
 

 
Scheme 2.7: Schematic of the stepwise formation of cellulose sponge supported palladium 

nanoparticles [57]. [Adapted from reference [57]]. 

 

2.2.6 Palladium nanoparticles immobilized on hybrid inorganic-organic 
material 

The hybrid inorganic–organic materials are crystalline systems in which both 
inorganic and organic structural elements co-exist within a single phase [58]. 
These hybrid inorganic–organic materials are gaining popularity in cross-
coupling reactions due to their tunable pore size, high surface areas, high 
crystallinity, and structural diversity [59-65]. Most hybrid inorganic–organic 
materials are synthesised through functionalization of the support surface with 
appropriate functional groups. This allows for a better control of the dimensions, 
dispersion and stability of the palladium nanoparticles. Metal-organic 
frameworks (MOFs) are one of the most popular classes of hybrid inorganic–
organic materials and they are frequently explored as suitable palladium 
supports in heterogeneous cross-coupling reactions. For example, Shaikh and co-
workers [66] used a zeolitic imidazolate framework (ZIF) to develop robust ZIF-
supported palladium nanoparticles as a heterogeneous catalyst for Heck cross-
coupling reactions (Figure 2.15). The Pd/ZIF catalyst was found to be highly 
efficient and could be re-used up to four times without any loss in catalytic 
efficiency [66]. 
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Figure 2.15: Graphical illustration of the Pd/ZIF-8 catalyst. 

 
Another interesting example was reported by Kozell et al. [67] who immobilised 
palladium nanoparticles on zirconium phosphate glycine diphosphonate 
nanosheets (ZPGly). The immobilization of palladium nanoparticles on ZPGly 
nanosheets provided a stable catalyst with high palladium content (up to 22 wt 
%). This Pd@ZPGly-15 catalyst proved to be highly efficient in catalysing Suzuki 
and Heck cross-couplings reactions. Suprisingly, the authors reported that their 
catalytic system operates as an efficient “heterogeneous” system, even though 3-
5 ppm of palladium leached (Table 2.5). In addition, a “release and catch” 
mechanism was proposed in which soluble active palladium species are released 
from the solid Pd@ZPGly-15 catalyst during the oxidative addition of the halide 
and then re-deposited on the ZPGly support as a consequence of the reductive 
elimination step at the end of the reaction [67]. 
 
Table 2.5: Suzuki cross-coupling reaction between 4-bromo benzene and phenylboric acid catalysed 

by Pd@ZPGly-15 catalyst [67]. 

 
Entry Yield (%) Pd Leaching (ppm) 
Run 1 98 5 
Run 2 98 3 
Run 3 98 3 

 
A magnetically separable version of a hybrid organic-inorganic support was 
recently reported by Omar and co-workers [68]. They supported palladium on 
magnetically separable organic-silica hybrid nanoparticles that were 
functionalized with ionic liquid groups (Figure 2.16). The presence of ionic liquid 
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groups within the framework of the hybrid nanoparticles enhanced the stability 
of the palladium nanoparticles on the organic-silica nanoparticles. The resultant 
Pd/MNP@IL-SiO2 catalyst was efficiently applied in Heck and Suzuki cross-
coupling reactions and it demonstrated high catalytic activity (Figure 2.16). The 
Pd/MNP@IL-SiO2 catalyst was also easily separated from the reaction mixture by 
application of an external magnetic field and the catalyst could be recycled over 
five times without a significant loss in its catalytic activity. In conclusion, the 
authors envisaged that this and similar catalytic systems could pave a way for 
the desired bridging of homogeneous and heterogeneous catalysis. 
 

 
Figure 2.16: Suzuki cross-coupling reactions catalysed by the Pd/MNP@IL-SiO2 catalyst [68]. 

[Adapted from reference [68]]. 

 
Another special type of hybrid organic-inorganic support was reported by Lin et 
al. who prepared a retrievable Pd/CMC@Ce(OH)4 catalyst for Suzuki coupling-
reactions [69]. In this system, Ce(OH)4 was coated with carboxymethylcellulose 
(CMC) to form a hybrid organic-inorganic CMC@Ce(OH)4 support (Scheme 2.8). 
Carboxymethylcellulose has a large number of inherent carboxylate (–COO−) and 
hydroxyl (–OH) groups on its molecular chain. Thus, CMC is an excellent cation 
exchange agent, which makes it an excellent support for stabilization of 
palladium nanoparticles. While ceria has a unique ability of forming oxygen 
vacancies that reduce Ce4+ to Ce3+ and create an excess of negative charge on its 
surface. The excess negative charge facilitates the coordination of palladium 
nanoparticles to the surface, as discussed earlier. These interactions have been 
shown to be crucial in preventing leaching and agglomeration of catalytic 
palladium nanoparticles. 
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Scheme 2.8: Illustrative diagram of the conceptual mechanism of the Suzuki reaction catalyzed by 

Pd/CMC@Ce(OH)4. [69]. [Adapted from reference [69]]. 

 
The Pd/CMC@Ce(OH)4 catalyst was applied to the Suzuki cross-coupling 
reaction and good to excellent yields were obtained. It is believed that the 
activity of the catalyst was enhanced synergistically by the unique redox 
properties of Ce(OH)4 (Ce3+/Ce4+) and the coordination with the functional 
(carboxyl and hydroxyl) groups of the hybrid CMC@Ce(OH)4 support. Moreover, 
the catalyst could be easily separated by simple filtration and reused at least for 
five times without losing its activity. However, it was observed that Pd(0) species 
leached from the hybrid support during the reaction and were re–deposited onto 
the support at the end of the reaction. Therefore, the reaction mechanism is 
homogeneous in nature and the leached palladium species are the “true active 
species”.  
 

2.3 The nature of the “true” active Pd species 
The true nature of the active catalyst when a palladium containing solid material 
is employed as a catalyst is still a highly debated issue in the field of cross-
coupling reactions [70]. In most research papers, the “true nature” of the active 
form of palladium is ambiguous; claims exist in the literature supporting both 
soluble molecular and nanoparticle catalysts, as well as truly heterogeneous 
insoluble Pd catalysts (Scheme 2.9) [70-72]. More specifically, the question is 
whether the oxidative addition of the aryl halide (Ar–X) occurs on the surface of 
the solid catalyst (heterogeneous catalysis) or on leached metal atoms 
(homogeneous catalysis). On the basis of recent studies, there is a convergence of 
findings that recognise the solid pre-catalyst as a “reservoir” of soluble 
catalytically active palladium species [2, 19, 22, 73, 74]. Hence, these authors 
believe that oxidative addition of the aryl halide occurs on the leached palladium 
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atom in the solution, rendering the reaction homogeneous irrespective of the 
nature of the solid pre-catalyst. But, there is still a distinct minority of 
researchers who claim to have developed truly heterogeneous systems with 
catalysis taking place on the surface of the solid palladium based heterogeneous 
catalyst [26].  
 

 
Scheme 2.9: A graphical illustration for the multiple species catalysis in palladium catalyzed cross 

coupling reactions [74]. [Adapted from reference [74]]. 

 
Hence, at the moment it is hard to say what the nature of the true catalyst is due 
to the dynamic nature of the reported catalytic systems for cross-coupling 
reactions. It is still difficult to predict which approach of catalyst design should 
be considered as superior. In any case, almost all of the reported Pd based 
heterogeneous catalytic systems try to relate the effectiveness of their systems 
on the nature of the palladium precatalyst and the optimised reaction conditions. 
Both the nature of the precatalyst and the reaction conditions determine the 
catalytic activity, recoverability and recyclability of the developed catalytic 
system. Although, most reported heterogeneous catalytic systems do not 
completely remove the palladium catalyst at the end of the reaction, in order to 
limit the metal contamination of the final product (‘‘release-and-catch’’ strategy). 
Therefore, identifying the true catalyst is critically important for future advances 
in the rational design of C-C cross-coupling catalysts. 
 

2.4 Motivation and objectives of the current study  
The importance of carbon-carbon bond forming reactions is well documented in 
literature. The numerous Nobel Prizes in Chemistry received by researchers in 
this area of research the industrial importance of C-C bond forming reactions has 
generated great interest. In addition, the unavailability of a universally trusted 
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catalytic system for these reactions means that there is room for new 
contributions towards designing an ideal catalytic system.  
 
The literature survey has shown that almost all forms of palladium can be used 
as precatalysts for converting reactive substrates, while specifically designed 
catalysts are needed for difficult substrates.  

1. Thus, the first objective is to design a highly active catalyst that can 
catalyze even the less reactive or deactivated substrates. 

a. An easy to synthesize catalyst that is moisture and thermally 
stable. 

b. A catalyst that can catalyze a wide range of substrates with high 
efficiency (high TONs and TOFs) 

c. The aim is to develop a catalyst system that retains the advantages 
of both the homogeneous and heterogeneous systems (quasi-
heterogeneous or semi-heterogeneous).  

2. The second objective is to develop a catalytic system that can minimize 
palladium metal contamination of the product.  

a. The aim is to develop a heterogeneous catalytic system that will 
allow the recovery and re-usability of the catalyst, leaving little to 
no palladium metal in the product solution. 

3. Lastly, the aim is to investigate the nature of the active catalyst in cross-
coupling reactions. 

a. The intention is to gain better understanding of cross-coupling 
reactions, to hopefully be in a better position to propose the nature 
of the reaction mechanism for heterogeneous cross-coupling 
reactions. 

 
Conventionally, supported palladium based catalysts are used for developing 
heterogeneous variants of C-C cross-coupling reactions. The use of palladium 
based solid-solution oxides (PdxCe1-xO2-δ) as catalysts have rarely been explored 
in C-C cross-coupling reactions. Hence, it was deemed worthwhile to explore 
palladium substituted ceria based catalysts, because ceria has received good 
reviews as a host or a support for metal nanoparticles (Figure 2.17). This catalyst 
design should easily meet the set catalytic activity objectives because 
substitution of palladium ions into the ceria lattice greatly improves the 
dispersion of palladium. Since palladium is the active component, increasing its 
dispersion will increase the number of exposed reactive sites, and as a result, 
increases the reactivity of the catalyst. Hence, the aim is to carefully prepare and 
characterize the single-phase, PdxCe1-xO2-δ based solid solution oxides and then 
explore them as suitable catalysts for Heck-Mizoroki, Sonogashira and Suzuki-
Miyaura cross-coupling reactions. 
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Figure 2.17: The graphical illustration of the fluorite structure of pure ceria and palladium-

substituted ceria. 
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Chapter 3 

Pd0.09Ce0.91O2-δ: A sustainable ionic solid-solution 
precatalyst for heterogeneous, ligand free Heck 

coupling reactions. 
 

Abstract 
A quick and easy method for the preparation of Pd2+ metal ion substituted in 
ceria, Pd0.09Ce0.91O2-δ solid solution oxide, is described. The Pd0.09Ce0.91O2-δ solid 
solution oxide was fully characterized by XRD, ICP-OES, BET, XPS, SEM, EDX, 
TEM, TGA and Raman spectroscopy. All characterization techniques strongly 
suggested that Pd2+ was successfully incorporated into the lattice structure of 
ceria. The effect of the reaction conditions on the catalytic properties of the 
Pd0.09Ce0.91O2-δ solid solution catalyst initially was studied in detail with the 
model Heck reaction of iodobenzene and methylacrylate to obtain optimum 
reaction conditions. The Pd0.09Ce0.91O2-δ solid solution catalyst then afforded 
substituted alkenes in good to excellent yields under these optimum reaction 
conditions. Steric and electronic effects were also studied, and were found to 
influence the catalytic activity. Characterization of the used catalyst suggests that 
Pd2+ in Pd0.09Ce0.91O2-δ is reduced in situ to Pd0 when employed in the Heck cross-
coupling reactions. The catalyst was easily recovered by centrifuge and reused 
for three times without significant loss of catalytic efficiency.  
 

Keywords: Pd2+ substituted ceria; solution combustion; nanoparticles; 
Heck coupling reaction.  
 

3.1 Introduction  
Palladium catalyzed Heck coupling reactions are a well-known and a well-
established technique in organic chemistry and the pharmaceutical industry [1]. 
The Heck coupling reaction is now considered to be one of the most useful and 
practical tools in modern organic synthesis [2]. It involves the construction of a 
carbon-carbon (C-C) bond through a chemical reaction between an unsaturated 
halide and an alkene in the presence of a base and a palladium catalyst to form 
substituted alkenes [3,4]. These C-C bonds are of great importance in organic 
chemistry and are essential for all life on earth [5-10]. Several reviews have been 
published [11-16]. 
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The most common catalytic systems used for Heck coupling reactions involve 
homogenous palladium-phosphine complexes, such as PdCl2(PPh3)2 or 
Pd(PPh3)4, in the presence of a base [11-18]. Many ligands and catalysts have 
also been reported, but they are largely not available commercially and do not 
find extensive use [19,20]. This is mostly because the phosphine ligands are 
oxygen sensitive (easily oxidized) [17]. Furthermore, the efficient separation and 
subsequent recycling of homogenous palladium catalysts and ligand remains a 
challenge and an aspect of economic relevance [19,20].  
 
As a result, the use of ligand-free heterogeneous palladium catalyst is often 
desirable because it permits easy handling, simple recovery and recyclability of 
the palladium catalyst. The increasing number of reports indicates that there is a 
growing interest in finding heterogeneous variants of Heck coupling reactions 
[6,7,20-26]. Most classes of heterogeneous catalysts described in literature 
involve immobilization of homogeneous Pd containing catalysts onto insoluble 
polymeric supports or solid inorganic supports. Frequently used supports are 
activated carbon [7], molecular sieves [27], metal oxides [8-10,28,29] and 
polymers [30,31].  
 
Heterogeneous catalysis with the noble metal ion substituted in solid-state 
materials, such as in simple and complex oxides, is not well understood [32-34]. 
However, some authors of the present work have published some papers 
addressing the synthesis and catalytic behavior of binary oxide-based 
compounds substituted with noble metal ions to make ionic catalysts [35-37]. 
Hedge and co-workers have also published numerous papers addressing 
solution combustion synthesis and application of noble metal ionic catalysts [38-
50]. All reports have shown that substitution of Pd2+ ions within the CeO2 lattice 
allows for complete palladium dispersion, which, as a result, increases the 
activity of the ceria-based catalysts [38,51]. 
 
However, the 2 mol% level of Pd substitution usually investigated for these 
materials is at the detection limit of phase identification by conventional powder 
X-ray diffraction [51]. Thus, in most cases it is unclear whether the Pd is 
incorporated into the lattice structure of CeO2 or is deposited on the surface of 
CeO2 as PdO [51]. In this regard, we thought it would be worthwhile to prepare, 
and evaluate the phase composition and physicochemical properties of, a higher 
Pd-substituted PdxCe1-xO2-δ (9 mol% Pd) solid solution oxide by solution 
combustion. This ionic Pd0.09Ce0.91O2-δ solid solution oxide was then tested on 
Heck cross-coupling reactions. Using an air, moisture and thermally stable 
heterogeneous Pd0.09Ce0.91O2-δ solid solution catalyst should offer simplicity of 
workup, recyclability and minimization of metallic waste. It should also offer 
higher turnover numbers since complete dispersion is achieved in similar Pd2+ 
ion substituted CeO2 materials [38]. 
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3.2 Experimental 

3.2.1 Catalyst synthesis 
Cerium ammonium nitrate [(NH3)Ce(NO3)6, 99.9%], palladium chloride [PdCl2, 
anhydrous, 60% Pd basis], urea [CH4N2O, 99.9%] were obtained from Sigma-
Aldrich and were used without further purification. 
 

3.2.2 Solution combustion synthesis of the Pd0.09Ce0.91O2-δ oxide 
The following materials were synthesized using an adaptation of a reported 
procedure [36]. For the synthesis of Pd0.09Ce0.91O2-δ (6.7 wt% Pd), 2 mmol of 
PdCl2 were dissolved in 10 mL of HCl (32%) in a borosilicate dish, and once all 
the PdCl2 had dissolved, 40 mL of deionized water, 18 mmol of (NH3)Ce(NO3)6, 
and 72 mmol CH4N2O (urea) were added. The solution was stirred at 100 °C to 
evaporate water and form a gel. The formed gel was introduced into a muffle 
furnace pre-heated to 120 °C, the furnace temperature was then increased 
gradually to 600 °C over 30 min, and maintained at that temperature for 5 h. A 
dark brown solid product was obtained. For the synthesis of blank CeO2, the 
above procedure was followed without the addition of PdCl2. 
 

3.2.3 Catalyst characterization  
A Bruker D8 Advance diffractometer, equipped with an XRK900 furnace, 
generator (40 kV and 40 mA) and a Cu Kα1/2 source (λ = 1.5406 Å) was used to 
record the powder X-ray diffraction patterns of the samples. The structures were 
refined by the Rietveld method using the Full Prof Suite-2000 program. The 
average crystallite size (D) and lattice strain (ε) of CeO2 and Pd0.09Ce0.91O2-δ were 
estimated from the modified Rietveld method and Williamson-Hall (W-H) plots 
(1). 
 

                        βhkl cosθ =
Kλ
D + 4εsinθ                                       (1) 

 
X-ray photoelectron spectra (XPS) were recorded with a Thermo Scientific 
Multilab 2000 spectrometer equipped with the Al Kα radiation source (1486.6 
eV). All the binding energies were referenced to the C(1s) peak (284.5 eV). 
 
ICP-OES was performed using a Perkin Elmer Optical Emission Spectrometer 
Optima 5300 DV. The standards (1000 ppm Ce and Pd) were purchased from 
Fluka.  
 
Raman spectroscopy was carried out using an Advanced 532 series spectrometer 
(NIR Spectrometer) utilizing Nuspec software, equipped with a visible laser of 
514 nm.  
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Brunauer−Emmett−Teller (BET) surface area measurements were determined 
using a MicroMetrics TriStar 3000 porosimeter with N2 as probe gas. About 0.4 g 
of each powder sample was degased overnight at 200 °C using a Micromeritics 
FlowPep 060 instrument prior to analysis. 
 
SEM images and EDX data were obtained with a Jeol JSM-6100 scanning 
microscope using a Bruker signal processing unit detector. The analysis was 
performed at random points along the surface of the catalyst. The samples were 
first mounted on aluminium stubs using double-sided carbon tape; they were 
then coated with gold using a Polaron E5100 coating unit. 
 
For TEM analysis, the samples were viewed on Joel JEM-1010 Electron 
Microscope. For high resolution TEM (HR-TEM) and scanning electron 
microscopy (STEM) analysis, the samples were viewed on Joel JEM-2100 
Electron Microscope and the images captured were analysed using iTEM 
software. The powder samples were ultrasonically dispersed in ethanol and 
supported on a perforated carbon film mounted on a copper grid prior to 
analysis. 
 
TGA analysis was conducted with a TA SDT Q600 instrument under nitrogen 
flowing at 50 ml/min and at a temperature ramp rate of 10 °C/min from room 
temperature up to 1000° C with ca. 10 mg of sample. 
 

3.2.4 General procedure for Heck cross-coupling reactions 
A dry two-necked pear-shaped flask, equipped with a condenser containing a 
stirrer bar and 3 mL of DMF was charged with the aryl halide (2 mmol), olefin 
(1.5 eq.), triethylamine (1.5 eq.) and catalyst Pd0.09Ce0.91O2-δ (0.3 mol% Pd). The 
reaction mixture was heated and stirred at 130 °C. A GC/MS (PerkinElmer Inc.–
Clarus 560 S GC/MS; PONA column: 50 m × 0.15mm) was used for monitoring 
the progress of the reaction and for product identification. After the reaction had 
gone to completion, the reaction mixture was cooled to room temperature and 
filtered. The filtrate was extracted with ethyl acetate, hexane and brine (1:3:3). 
The organic layer was dried with sodium sulphate and the solvent was then 
evaporated under reduced pressure. The residue was finally purified by flash 
chromatography on silica gel using ethyl acetate as the eluent. 
 

3.3 Results and discussion 

3.3.1 Physicochemical properties investigation 
The microstructural parameters of the Pd0.09Ce0.91O2-δ sample were determined 
using Rietveld refinement; the experimental, calculated and difference curves 



 59 

were plotted and are shown in Figure 3.1. The observed peaks in the X-ray 
patterns of Pd0.09Ce0.91O2-δ correspond only to the ceria phase with the fluorite 
structure (JCPDS 34-0394). The STEM-EDX (Figure 3.1, insert) confirmed the 
presence of Pd and also shows that palladium is homogeneously dispersed in the 
ceria lattice. The absence of the Pd0 and/or PdO phase in the X-ray pattern of the 
Pd0.09Ce0.91O2-δ sample suggests that the Pd2+ ions were successfully incorporated 
into the ceria lattice. The incorporation of the Pd2+ into the ceria lattice came 
with the expected physicochemical changes to ceria. The peak for the [111] plane 
shifts to lower 2 theta values upon the introduction of Pd2+ into the ceria lattice. 
The 2 theta value of the [111] plane shifts from 28.86° in pure CeO2 to 28.83° in 
the Pd0.09Ce0.91O2-δ sample. This shift is associated with increases in lattice 
parameters that cause the ceria lattice to be strained [51]. Table 3.1 shows that 
the lattice parameter a increases from 5.411(9) Å in CeO2 to 5.424(9) Å in 
Pd0.09Ce0.91O2-δ. The XRD, XPS, ICP-OES, BET, SEM-EDS, TEM, TGA and Raman 
analyses for the CeO2 sample are enclosed in Appendix 1. 
 
 

 
Figure 3.1: Rietveld refined XRD pattern of Pd0.09Ce0.91O2-δ and its STEM-EDX image (insert) 

 
The Williamson-Hall plot was used to estimate the average crystallite size and 
lattice strain of the samples (Table 3.1). The Pd0.09Ce0.91O2-δ sample showed 
about three times more lattice strain than pure ceria prepared by the same route 
(Table 3.1). The increased lattice strain in the Pd0.09Ce0.91O2-δ sample indicates 
that lattice distortion occurs upon introduction of Pd2+ ions in the CeO2 lattice 
[37,51]. The average crystallite size decreases slightly with the incorporation of 
the Pd2+ ions into the CeO2 lattice. The average crystallite size of the blank CeO2 
is 19 nm, while that of Pd0.09Ce0.91O2-δ decreased to 17 nm.  
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Table 3.1: Structural parameters of the investigated materials obtained from the XRD profiles. 

 

Rietveld 
refinement Williamson-Hall method TEM 

Lattice 
parameter a 

(Å) 

Lattice strain 
(×10-3) 

Crystallite 
size (nm) 

Average 
particle 

size (nm) 

CeO2 5.411(9) 0.9 19 22 

Pd0.09Ce0.91O2-δ 5.424(9) 3 17 19 

 
An assessment of recent reports on PdxCe1-xO2-δ solid solutions suggests that 
there is no conventional opinion to explain why the lattice parameter increases 
with the increasing concentration of Pd2+ ions [51]. We are of a view that the 
lattice parameters increase due to the formation of larger Ce3+ (1.23 Å) ions and 
the creation of more oxygen vacancies upon introduction of Pd2+ ions into the 
ceria lattice. The increase in the lattice parameters then causes uniform lattice 
strain and a decrease in crystallite size. The formation of Ce3+ ions, that are 
larger than Ce4+ (0.97 Å) ions, was confirmed by XPS results (Figure 3.2).  
 

   
Figure 3.2: Core level XPS of (A) Ce (3d) and (B) Pd (3d) in Pd0.09Ce0.91O2-δ catalyst. 

 
The oxidation states of Pd and Ce in the Pd0.09Ce0.91O2-δ catalyst were determined 
by XPS and core level XPS of Pd (3d) of Pd0.09Ce0.91O2-δ as shown in Figure 3.2. 
The Pd (3d) doublet lines were analysed to obtain the electronic state of 
palladium and the binding energy for Pd (3d5/2) was found to be equal to 337.5 
eV, which is typical for Pd2+ in the catalyst [37,51,52]. This main state of 
palladium was attributed to individual palladium ions localized in the ceria 
lattice of the Pd0.09Ce0.91O2-δ solid solution oxide [51,53]. The elevated binding 
energy of the satellite peak at 342.5 eV further suggests that the palladium ions 
are localized in the ceria lattice.  
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Hence, the analysis of the Pd (3d) doublet lines strongly suggests that the 
environment of Pd2+ ions in the Pd0.09Ce0.91O2-δ solid solution oxide is different 
from the oxygen environment in PdO, since the Pd (3d5/2) line for PdO oxide is in 
the range of 336.7–337.0 eV [51,54]. The Ce4+ (3d5/2) peak obtained at 881.5 eV 
is a characteristic of Ce4+ in CeO2. Thus, partial filling of the valley between 881 
eV and its satellite at 886 eV shows that Ce is in a mixed valence state (+4 and 
+3) since the Ce3+ (3d) in Ce2O3, is characterized by Ce3+ (3d5/2) at 885.1 eV [52]. 
The ratios of oxidation states present in the catalyst were calculated as Ce4+:Ce3+ 

of 4:1. Core level XPS of Ce(3d) in CeO2 is shown in Appendix 1 (Figure A1.4). The 
Ce4+(3d3/2) peak obtained at 882.5 eV is characteristic of Ce4+ in CeO2. 

 

 
Figure 3.3: Raman spectra of (a) CeO2 and (b) Pd0.09Ce0.91O2-δ 

 
Raman spectroscopy was employed to comparatively analyze the CeO2 and 
Pd0.09Ce0.91O2-δ samples and the results are shown in Figure 3.3. The peak at 465–
480 cm-1 corresponds to the F2g vibrational mode of oxygen ions in the [CeO8] 
cubic subunit of the CeO2 structure [37,51]. In blank CeO2 this peak appears at 
476 cm-1, while for Pd0.09Ce0.91O2-δ it shifts to a lower wavenumber of 466 cm-1 
(Figure 3.3). The bands at ca. 550 and 650 cm-1, which are weak for blank CeO2 
and more intense for the Pd0.09Ce0.91O2-δ sample, are assigned to the defect-
induced vibrational mode (D-mode) [37,51]. The absence of a PdO peak (≈660 
cm-1) in the Pd0.09Ce0.91O2-δ sample further suggests that the Pd2+ ions are fully 
dispersed in the lattice of CeO2 and not deposited as PdO on its surface 
(Appendix 1, Figure A1.6).  
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Figure 3.4: The TGA and DTA analysis of the investigated materials; (black) CeO2 and (red) 

Pd0.09Ce0.91O2-δ 

 
The Thermogravimetric analysis (TGA) (Figure 3.4, solid lines) and differential 
thermal analysis (DTA) curves (Figure 3.4, dotted lines) of the CeO2 and 
Pd0.09Ce0.91O2-δ samples are shown in Figure 3.4. The two samples show an initial 
weight loss is the temperature range of 30-150 °C. Powdered CeO2 is known to 
be slightly hydroscopic and it also absorbs small amount of carbon dioxide from 
the atmosphere. Thus, for the ceria samples, the weight loss observed below 150 
°C can be attributed to both water and carbon dioxide loss. Furthermore, no 
weight loss was observed from 150-1000 °C in the ceria sample. For the 
Pd0.09Ce0.91O2-δ sample, a second weight loss was observed at 760 °C (DTA) due 
to the thermal dissociation of the Pd-O bond to form metallic palladium [34,55]. 
Furthermore, the smooth nature of the weight loss change suggests that there 
are no intermediates formed before complete reduction to metallic palladium, 
implying that the reduction to the metallic state occurs in one step. 
 
The elemental composition of the samples was analyzed using EDS. The EDS 
spectrum of CeO2 shows the presence of three elements; cerium, oxygen and 
chlorine (from HCl), while the EDS spectrum of the Pd0.09Ce0.91O2-δ sample shows 
the presence of palladium in addition to the other three elements (Figure 3.5). 
The SEM images of CeO2 and Pd0.09Ce0.91O2-δ samples have very similar surface 
morphology (Figure 3.5). In both samples, the particles are present in the form of 
different sized lumps or flakes with round-shaped structures. These types of 
structures are generated due to the nature of the solution combustion synthesis 
method, where gases escape giving rise to porosity. The BET surface area of the 
Pd0.09Ce0.91O2-δ sample was found to be 19 m2/g. 
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Figure 3.5: SEM/EDX Pd0.09Ce0.91O2-δ 

 
Figure 3.6A shows the TEM image of the Pd0.09Ce0.91O2-δ sample with average 
particle size 19 nm. These particles are spherical in shape. No particles 
associated with PdO or Pd nanoparticles were observed in the Pd0.09Ce0.91O2-δ 
TEM images. Qiao et al. and other researchers have reported Pd particles as 
cubic and rectangular shaped particles [56-59]. Hence, the absence of these cubic 
and rectangular shaped particles in the Pd0.09Ce0.91O2-δ sample further suggests 
that Pd2+ ions are substituted into the lattice structure of CeO2, and are not 
supported on the surface of CeO2 as PdO.  
 

   
Figure 3.6: (A) TEM (B) HR-TEM images of Pd0.09Ce0.91O2-δ 

 
The HR-TEM image of the solution combustion synthesized Pd0.09Ce0.91O2-δ 
sample show lattice fringes of 0.30 nm (Figure 3.6B). There were no lattice 
fringes associated with PdO or Pd nanoparticles observed [60]. Again, the 
absence of PdO lattice fringes and the presence of peaks due to Pd in the EDS 
spectrum (Figure 3.5) of the Pd0.09Ce0.91O2-δ sample further indicates that the 
Pd2+ ions are completely substituted into the CeO2 lattice.  
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3.3.2 Catalyst activity investigation  
To establish efficient Heck coupling conditions for the Pd0.09Ce0.91O2-δ catalyst, 
methylacrylate and iodobenzene were used as model coupling partners. With 
this catalyst, neither copper salts nor activating ligands were necessary. In fact, 
addition of triphenylphosphine inhibited the reactions (Appendix 1, Table A1.5). 
The effect of each reaction parameter was then investigated and the optimum 
reaction conditions are highlighted in Table 3.2. Excellent yields were only 
obtained with polar aprotic solvents (DMF, benzonitrile and DMSO) and DMF 
was chosen as the solvent in further studies since it allowed easier product 
isolation. The reactions were more rapid at 130 °C and 1.5 olefin equivalence 
was found to be the optimum olefin loading. Potassium carbonate and 
triethylamine gave comparable yields, however, triethylamine was chosen as the 
base in further studies because it simplifies catalyst recovery. K2CO3 requires 
successive washes with water to remove it from the recovered catalyst. It was 
also found that for the model coupling partners, complete iodobenzene 
conversion was achieved in two hours with catalyst loading as low as 0.05 mol% 
(based on Pd). However, a 0.3 mol% loading was chosen for further studies to 
allow shorter reaction times for less reactive coupling partners. Further catalyst 
testing was carried out under the reaction conditions highlighted in bold in Table 
3.2. 
 

Table 3.2: Optimisation of reaction conditions for Heck coupling reactions 

Reaction parameters  
Reaction temperature 25, 80 and 130 °C 

Solvent Anisole, benzonitrile, DMF, DMSO, 
toluene, water and xylene 

Base K2CO3 and (CH3CH3)3N 
Olefin equivalence 1, 1.5 and 2 

Catalyst loading (based on Pd) 0.05, 0.1, 0.3, 0.5 and 1 mol% 
 
A wide range of olefins and aryl halides were then tested to investigate 
functional group tolerance, steric and electronic effects under optimum reaction 
conditions using Pd0.09Ce0.91O2-δ as a catalyst. It is reported that both steric and 
electronic factors can favour arylation at the terminal position of the olefin or on 
the more exposed carbon [3,61,62]. Two sets of experiments were carried out to 
learn more about the catalyst activity. First, the olefins were varied and the aryl 
halide was kept constant as iodobenzene (Table 3.3 and 3.4). Secondly, the aryl 
halides were varied and the olefin was kept constant as methylacrylate (Table 
3.5). 
 
Aliphatic and aromatic olefins with electron withdrawing and donating group 
were arylated with iodobenzene and the results are tabulated in Table 3.3. 
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Entries 1-5 in Table 3.3 are of aliphatic olefins with varying functional groups. It 
was observed that olefins with electron withdrawing groups are easily arylated 
(Entries 1, 2, 4 and 5), with reaction times of less than an hour. However, Entry 3, 
which shows an olefin with an electron-donating group, has a longer reaction 
time. Entries 6-10 show the arylation of various styrene derivatives. The 
arylation of styrene (Entry 6) goes to completion in 2 hours, however, three 
products formed; predominantly trans-stilbene (78%), and cis-stilbene (19%) 
and 1,1-diphenylethene as minor products. These side products were not 
observed in the arylation of other styrene derivatives. The styrene derivative 
with a methyl or methoxy group as a substituent took longer to go to completion 
(Table 3.3, Entries 8, 9). This further confirms that electron donating 
substituents on olefins slow down the reaction. Hence, the electronic effect 
controls the catalyst activity for both cyclic and acyclic olefins. 
 

Table 3.3: Investigation of electronic effects and functional group tolerances of functionalised 
olefins. 

 
Entry Alkene Reaction time (h) Isolated yield (trans) (%) TON 

1 
 

1 90 300 

2 
 

1 95 317 

3 
 

24 75 250 

4 
 

1 96 320 

5  1 79 263 

6 
 

2 78 260 

7 
 

2 89 297 

8 
 

24 90 300 

9 
 

24 92 307 

10 
 

1 90 300 
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To investigate any possible steric effects, the reactivity of methylacrylate, ethyl 
crotonate and isobutylmethacrylate with iodobenzene was monitored (Table 
3.4). It was found that steric effects play a major role in the catalysis. Thus, the 
reaction with methyacrylate went to completion in an hour, while it took 12 and 
70 hours for isobutylmethacrylate and ethyl crotonate to react to completion, 
respectively. Isobutylmethacrylate (Table 3.4, Entry 2) has a 1,1 disubstitution 
and ethyl crotonate (Table 3.4, Entry 3) is 1,2-disubstituted. Thus, 
isobutylmethacrylate has a more exposed carbon-carbon double bond than ethyl 
crotonate, and hence it reacts faster. In conclusion, the Heck cross coupling 
reactions favour electron deficient and less hindered (less substituted) olefins. 
 

Table 3.4: Investigation of steric effects on the Heck coupling reactions 

Entry Alkene 
Reaction 
time (h) 

Isolated yield 
(trans) (%) 

TON 

1 
 

1 95 317 

2 
 

12 97 323 

3 
 

70 96 320 

 
Table 3.5: Investigating the effect of varying the aryl iodide on the Heck coupling reactions. 

 

Entry R Reaction time (h) Isolated yield (% 
trans) 

TON 

1 H 1 95 317 
2 4-OH 2 75 250 
3 4-CH3 1 98 327 
4 3-CH3 3 96 320 
5 4-NH2 2 95 317 
6 3-NH2 4 92 307 
7 4-COCH3 2 90 300 
8 3-COCH3 2 94 313 
9 4-NO2 30 71 237 

10 3-NO2 7 75 250 
11 3-CF3 2 93 310 
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The scope of reactivity of various aryl halides was then investigated. It was found 
that aryl bromides and chlorides do not react under our optimum conditions. 
Various aryl iodides were then investigated to gain better understanding of the 
catalyst activity. With aryl iodides, both the electronic effect and substituent 
position effect were explored (Table 3.5). We found that most aryl iodides gave 
comparative reaction times; the electronic effect did not greatly influence the 
reactions (with an exception of iodonitrobenzenes). It was also observed that the 
position of the substituent on the aryl iodide has some influence in the reaction 
rate. Thus, Entries 3-4 show that the position of the methyl group influences the 
arylation rate of iodotoluene in that 4-iodotoluene is more reactive than 3-
iodotoluene. The substituent position effect is more pronounced in Entries 9-10. 
In this case, 4-nitroiodobenzene is far less reactive than 3-nitroiodobenzene. It is 
unclear at this point how the substituents on aryl iodides affect the reactivity of 
the catalyst, however, the initial observation is that electron rich aryliodides are 
coupled more efficiently to methyl acrylate than to electron deficient aryliodides. 
This is discussed further in the reaction mechanism section. 
 

Table 3.6: Performance comparison of the present catalyst in Heck cross coupling reactions of 
iodobenzene and styrene against other related heterogeneous catalysts. 

 

Entry Catalyst Reaction conditions Time
/h 

Yield/% [Ref.] 

1 
Pd/C 5% 

(0.05 mol% Pd) 

Isooctane, H2O, Aliquant 
336, 100 °C 20 46 [63] 

2 Pd-NPs/ZrO2 

(0.3 mol% Pd) H2O, TBAOH, 90 °C 4 81 [64] 

3 
Pd-complex/TiO2 

(0.12 mol% Pd) MeOH, Na2CO3, 65 °C 7 30 [65] 

4 Ce0.98Pd0.02O2-δ 

(1.52 mol% Pd) 
DMF, K2CO3, 130 °C 6 64 [66] 

5 TiO2@Pd 
(1 mol%) 

DMF, (CH3CH2)3N, 140 °C 10 93 [19] 

6 
Pd0.09Ce0.91O2-δ 

(0.3 mol% Pd) DMF, (CH3CH2)3N, 130 °C 2 78 
This 

paper 
 
The product yield (stilbene) of the present catalytic system was compared to 
other heterogeneous, ligand-free palladium catalyzed Heck coupling reactions 
reported in literature (Table 3.6) [63-66]. The stilbene yield in this work was 
found to be comparable to those obtained by Nasrollahzadeh et al. and Monopoli 
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et al. [19,64]. However, the present catalyst system gives better results than 
those reported by Perosa et al., Karami et al. and Sanjaykmar et al. [63,65,66]. 
 

3.3.3 Used catalyst characterisation 
 

 
Figure 3.7: The EDS spectrum and TEM image (insert) of the recovered catalyst 

 
The EDS spectrum of the used catalyst shows that it still contains palladium 
(Figure 3.7). It further indicated that the surface concentration of palladium in 
the used catalyst is not significantly different to that of the fresh catalyst. The 
TEM image of the used catalyst shows the presence of palladium nanoparticles 
on the surface of ceria, this indicates that palladium ions are extruded from the 
lattice of ceria during the reaction (Figure 3.7, insert). 
 
The XRD pattern of the recovered catalyst also shows that the fluorite structure 
of the catalyst was intact; however, there is a small peak at 40° 2-θ, indicating the 
presence of Pd0. This further suggests that Pd2+ ions are extruded from the lattice 
of ceria and sit on the surface as palladium nanoparticles (Figure 3.8). In 
addition, the STEM images of the used catalyst also show Pd0 particles deposited 
on ceria (Figure 3.8, insert). This thus suggests that the single phase 
Pd2+0.09Ce0.91O2-δ solid solution is not the active species and that catalysis occurs 
instead over the reduced two phase Pd0/CeO2. Misch et al. reported similar 
observations for Ce1-xPdxO2-δ catalyzed C-H bond activation [33]. In their system, 
the Ce1-xPdxO2-δ material did not become active until it was significantly reduced 
by ethylene and hydrogen flowing over the catalyst. 
 



 69 

 
Figure 3.8: The XRD pattern and STEM image (insert) of the recovered catalyst 

 

3.3.4 Catalyst leaching and recyclability tests  
A mixture of Pd0.09Ce0.91O2-δ, iodobenzene, methylacrylate and triethylamine in 
DMF was stirred for an hour at 130 °C. After completion of the reaction, the 
catalyst was separated by centrifuge. (a) The mother liquor was analysed by ICP-
OES for palladium content. (b) To the recovered catalyst, fresh substrates were 
added, namely iodobenzene, methylacrylate, triethylamine, and stirred in DMF at 
130 °C for an hour. After completion of the reaction, the catalyst was separated 
by centrifuge, and parts (a) and (b) were repeated. This process was repeated 
three times and the results are tabulated in Table 3.7.  
 

Table 3.7: Leaching and recyclability testa 

 
Reaction 
time/h 

% Conversion 
Amount Pd leached 

(ICP) / ppm 
Cycle 1 1 100 0.35 
Cycle 2 1 98 0.35 
Cycle 3 1 98 0.25 

aPd content in fresh catalyst = 390 ppm 
 
The catalyst was recycled successfully three times without any significant loss in 
activity. However, the ICP results show that there was a minimal metal 
contamination of the products; a total of about 0.25% of palladium leached out of 
the Pd0.09Ce0.91O2-δ solid solution over the three cycles. When the filtrate from 
cycle one was stirred with methylacrylate and 3-iodoacetophenone only 15% 
conversion was achieved in two hours, as compared to 100% conversion with 
the fresh catalyst. This implies that the reaction mechanism of the filtrate is 

�

�

Pd
0�



 70 

different to that of the fresh catalyst. Although these results suggest that the 
Pd0.09Ce0.91O2-δ catalysed Heck coupling reactions are largely heterogeneous, 
reports in literature have shown that supported palladium catalyst are mostly 
reservoirs of active soluble zerovalent palladium species [2,67-70]. Thus there is 
a possibility of a dissolution-recapture mechanism, with ceria acting like a Pd0 
scavenger. In any case, the Pd0.09Ce0.91O2-δ precatalyst has proven effective in 
minimisation of metallic waste and allows for simplification of work-up. 
 

3.3.5 Proposed mechanism 
There are two main proposed mechanisms for the palladium catalysed Heck 
coupling reaction using homogeneous catalysts, namely the Pd0/Pd2+ and 
Pd2+/Pd4+ catalytic cycles. For the heterogeneous Heck reaction discussed here, 
the mechanism is not clear. However, the catalytic activity data and the 
physicochemical properties of the fresh and used catalyst suggest that the 
reaction follows a Pd0/Pd2+ catalytic cycle (Scheme 3.1). The XRD diffractogram 
and HR-TEM images of the used catalyst suggest that palladium extrudes from 
the ceria lattice and is deposited as palladium nanoparticles on the surface of 
ceria. Hence, we proposed that the first step in the reaction mechanism is ‘pre-
activation’ which allows Pd2+0.09Ce0.91O2-δ to enter the catalytic cycle as Pd0/CeO2 
(1). The Pd2+ ions in the fresh catalyst are reduced in situ by DMF and/or 
triethylamine to Pd0 [14,71,72]. Since Pd0 is more electron rich than Pd2+, it 
allows for oxidative addition of the aryl iodide, which marks the beginning of the 
catalytic cycle (2). 
 

 
Scheme 3.1: Proposed Heck coupling reaction mechanism catalysed by the Pd0.09Ce0.91O2-δ 

precatalyst. 

 
The olefin coordinates and forms a pi complex with palladium (3). The catalytic 
results suggest that this olefin insertion is likely the rate-determining step. The 
oxidative addition step cannot be the rate-limiting step, since varying aryl 
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iodides gave comparable activity. Similar observations were reported by de Vries 
et al., who suggested that oxidative addition only becomes a rate-determining 
step under ligand-free Heck coupling of aryl bromide [73]. Olefin insertion is 
then followed by β-hydride elimination, and the dissociation of the product 
moiety liberates the reaction product (4). The active catalyst is then regenerated 
through reductive elimination of hydrogen by the base triethylamine.  
 

3.4 Conclusions  
In conclusion, a more highly Pd substituted ceria catalyst (9 mol%), 
Pd0.09Ce0.91O2-δ was prepared, characterized by various techniques and shown to 
be catalytically active towards the Heck coupling reaction between aryl iodides 
and alkenes. The physicochemical properties of this material indicate that the 
Pd2+ ions are substituted in the lattice structure of ceria and not deposited on its 
surface as PdO. However, used catalyst characterisation revealed that the 
catalysis occurs over the reduced two phase Pd0/CeO2 and not on the as 
prepared monophasic Pd0.09Ce0.91O2-δ. Good to excellent yields of substituted 
olefins were obtained with the Pd0.09Ce0.91O2-δ precatalyst when tested on ligand-
free Heck coupling reactions. The Heck reactions were also shown to be affected 
by electronic and steric effects. Electron deficient olefins react more rapidly 
compared to electron rich olefins. In addition, an olefin with a more exposed 
carbon-carbon double bond also reacts more rapidly. Finally, the active catalyst 
(Pd0/CeO2) can be easily recovered and reused for at least three times without 
any significant loss in efficiency and only a negligible amount of palladium was 
detected in the product solution (0.35 ppm). 
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Chapter 4 

Pd0.02Ce0.98O2-δ: A copper- and ligand-free quasi-
heterogeneous catalyst for aquacatalytic Sonogashira 

cross-coupling reactions. 
 

Abstract 
A Pd0.02Ce0.98O2-δ solid solution oxide was synthesized in one-step using a urea-
assisted solution combustion method. XRD, ICP-OES, BET, XPS, SEM, EDX, TEM, 
TGA and Raman spectroscopy were used to study the structural and electronic 
properties of the as-prepared Pd0.02Ce0.98O2-δ catalyst. The catalyst testing results 
revealed that the Pd0·02Ce0·98O2-δ system performs as an efficient precatalyst for 
the Sonogashira cross-coupling reactions under copper- and ligand-free 
conditions. A wide range of iodoarenes were efficiently coupled to 
phenylacetylene with good to excellent isolated yields. A thorough investigation 
through a series of suitable experiments explicitly showed that the Sonogashira 
cross-coupling reaction is accomplished via a quasi-heterogeneous mechanism 
by the leached Pd(0) species. As a result, the Pd0.02Ce0.98O2-δ lost some activity 
upon recycling. 
 

Keywords: Pd2+ substituted ceria, solution combustion, nanoparticles and 
Sonogashira coupling reactions. 
 

4.1 Introduction 
The Sonogashira cross-coupling reaction is a great procedure for C-C bond 
formation between vinyl- or aryl halides and terminal alkynes [1-3]. Sonogashira 
et al. discovered it in 1975 by recognizing that the addition of copper(I) iodide 
significantly accelerates the alkenylation reaction that was conventionally 
catalysed by palladium−phosphane complexes [1,3]. Their discovery gained 
great interest since the products of this reaction are important intermediates in 
the synthesis of organic materials, pharmaceuticals and natural products [1-8]. 
For example, the Sonogashira coupling procedure is used in the synthesis of the 
drug Terbinafine, which is used as an antifungal agent [9,10]. 
 
In most cases, the conventional Sonogashira coupling reactions are carried out 
under homogeneous conditions, which involve using palladium complexes such 
as [PdCl2(PPh3)2] or [Pd(PPh3)4] (3−5 mol%), a catalytic amount of a Cu salt (3-
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10 mol%) and an amine in large excess [1,3,11,12]. The use of copper salts as co-
catalysts accelerates the Sonogashira reaction greatly, however, its presence in 
the reaction gives alkyne dimers [13]. This leads to the generation of an 
undesired homocoupling product of the alkyne upon oxidation. Thus, the 
reaction must be conducted under inert atmosphere if a Cu salt is to be used as a 
co-catalyst [13]. Furthermore, the above-mentioned standard conditions require 
a high loading of palladium and involve use of phosphine ligands that are usually 
oxygen sensitive [5]. In addition, the efficient separation and subsequent 
recycling of homogenous palladium catalysts and ligand remains a challenge and 
an aspect of environmental and economic relevance [14]. 
 
Intensive studies on heterogenization of Sonogashira coupling reactions with the 
objective to combine the benefits of both heterogeneous and homogeneous 
catalysis have been carried out during the last three decades [15]. In this 
direction, researchers have immobilised Pd on solid supports such as activated 
carbon (charcoal) [16], zeolites [17], metal oxides [5,6,14,18] (MgO, ZnO, TiO2, 
ZrO2, Fe2O3, CeO2, etc.), clays [19], alkaline earth salts (CaCO3, BaSO4, BaCO3, 
SrCO3) [20] and organic polymers [21,22]. However, the leaching of palladium 
from the catalyst is still the main problem, even though most researchers have 
reported that their catalysts can be recycled by the redeposition of Pd onto the 
support [23]. This is due to the quasi-heterogeneous mechanism of the 
Sonogashira cross-coupling reaction via the solvated palladium clusters [24]. 
 
Hence, quasi-heterogeneous catalysis has developed into a new stream in 
catalysis and it is a promising approach for bridging heterogeneous and 
homogeneous catalysis [15]. Quasi-heterogeneous catalysis relies on the fact that 
nano-supports have a large surface areas, thus they can retain the activity and 
selectivity of the supported catalysts [15,25]. 
 
In this regard, we thought it would be worthwhile to develop a general catalytic 
system for a copper- and ligand-free quasi-heterogeneous Sonogashira coupling 
reaction catalyzed by a nano Pd0·02Ce0·98O2-δ solid solution oxide. To the best of 
our knowledge, PdxCe1-xO2-δ based solid-solution oxides have never been 
investigated on the Sonogashira coupling reactions. Using an air, moisture and 
thermally stable quasi-heterogeneous Pd0.02Ce0.98O2-δ solid solution oxide should 
offer higher activity, simplicity of workup, recyclability and minimization of 
metallic waste. 
 

4.2 Experimental section 
Cerium ammonium nitrate [(NH3)Ce(NO3)6, 99.9%], palladium chloride [PdCl2, 
60%], urea [CH4N2O, 99.9%] were obtained from Sigma-Aldrich and were used 
without further purification. 
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4.2.1 Procedure for synthesis of Pd0.02Ce0.98O2-δ 
The monophasic Pd0.02Ce0.98O2-δ solid-solution oxide was prepared using a one-
step urea-assisted solution combustion synthesis method described earlier.26 
The catalyst synthesis method involved preparation of a redox combustion 
mixture composed of stoichiometric amounts of metal precursors 
[(NH4)2Ce(NO3)6 and PdCl2] and urea [NH2CONH2] in the ratio of 1.0:3.77 
respectively, dissolved in water. The solution was then stirred at 100 °C for 10 
minutes to evaporate water and reduce its volume to ~20 mL. The boiling 
solution was then introduced into a muffle furnace pre-heated at 400 °C and was 
kept in the furnace overnight. A light brown solid was obtained. 
 

4.2.2 Catalyst characterisation 
A Bruker D8 Advance diffractometer, equipped with a XRK900 furnace, 
generator (40 kV and 40 mA) and a Cu Kα1/2 source (λ = 1.5406 Å) was used to 
record the powder X-ray diffraction patterns of the samples. The structures were 
refined by the Rietveld method using the Full Prof Suite-2000 program. The 
average crystallite size (D) and lattice strain (ε) of CeO2 and Pd0.02Ce0.98O2-δ were 
estimated from the modified Rietveld method and Williamson-Hall (W-H) plots. 
 
ICP-OES was performed using a Perkin Elmer Optical Emission Spectrometer 
Optima 5300 DV. Standards (1000 ppm Ce and Pd) were purchased from Fluka.  
 
Brunauer−Emmett−Teller (BET) surface area measurements were determined 
using a MicroMetrics TriStar 3000 porosimeter with N2 as probe gas. About 0.4 g 
of each powder sample was degased overnight at 200 °C using a Micromeritics 
FlowPep 060 instrument prior to analysis. 
 
SEM images were obtained with a Jeol JSM-6100 scanning microscope using a 
Bruker signal processing unit detector. The analysis was performed at random 
points along the surface of the catalyst. The samples were first mounted on 
aluminium stubs using a double-sided carbon tape; they were then coated with 
gold using a Polaron E5100 coating unit. 
 
For TEM analysis, the samples were viewed on Joel JEM-1010 Electron 
Microscope. For high resolution TEM (HR-TEM) and scanning electron 
microscopy (STEM) analysis, the samples were viewed on Joel JEM-2100 
Electron Microscope and the images captured were analysed using iTEM 
software. The powder samples were ultrasonically dispersed in ethanol and 
supported on a perforated carbon film mounted on a copper grid prior to 
analysis. 
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4.2.3 Catalyst testing: general procedure for Sonogashira coupling 
reactions 

A dry two necked pear-shaped flask containing a stirrer bar, a condenser, 2 mL 
of H2O and 6 mL of acetonitrile was charged with an aryl halide (2.3 mmol), 
phenylacetylene (2 eq.), triethylamine (5 eq.) and catalyst Pd0.02Ce0.98O2-δ (0.05 
mol% Pd). The reaction mixture was stirred and (usually) heated to 82 °C and its 
progress was monitored by GC and GC-MS. The iodoarene conversion was used 
to estimate the catalytic activity, using biphenyl as an internal standard. After the 
reaction had gone to completion, the reaction mixture was filtered and the 
filtrate was extracted with ethyl acetate and brine. The organic layer was then 
evaporated under reduced pressure and the residue was purified by flash 
chromatography on silica gel using EtOAc/hexane (8/2) as an eluent. The 
structure of the coupling product was confirmed by 1H and 13C NMR 
spectroscopy and the results were consistent with those reported in literature 
for substituted biphenylacetylenes [17].  
 

4.2.4 General procedure for catalyst recovery and recyclability 
The catalyst used in the first run was separated by centrifugation, washed with 5 
mL acetonitrile, dried at 60 °C and reused as described for the fresh catalyst.  
 

4.3 Results and discussion 
The structural and electronic properties of the Pd0·02Ce0·98O2-δ catalyst have been 
shown earlier by X-ray diffraction (XRD), XPS, XANES, Raman spectroscopy, 
EXAFS and high-resolution transmission electron microscopy (HR-TEM) [26]. 
The characterisation results indicated that the prepared material was a solid 
solution oxide with a fluorite structure. The Rietveld refined XRD profile of the 
prepared catalyst and the XPS of the Pd(3d) are shown in Figure 4.1.  
 

 
Figure 4.1: The Rietveld refined XRD patterns of Pd0.02Ce0.98O2-δ and its XPS of Pd(3d) core level 
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The X-ray pattern corresponds to a monophasic Pd0.02Ce0.98O2-δ solid-solution 
oxide with a fluorite structure as reported earlier [26]. The insert in Figure 4.1 
shows the XPS of the Pd(3d). The binding energy of Pd(3d5/2) and Pd(3d3/2) at 
337.5 and 342.5 eV respectively, confirm that Pd is in the +2 oxidation state. The 
crystallite size and the lattice strain were estimated employing Williamson-Hall 
(W-H) plots and equation (1). The lattice strain in the Pd0.02Ce0.98O2-δ sample was 
four times greater than in the CeO2 sample (Table 4.1). This indicates that lattice 
distortion occurs upon introduction of Pd2+ ions in the CeO2 lattice. The average 
crystallite size increased slightly with the incorporation of the Pd2+ ions into the 
CeO2 lattice. The average crystallite size of the blank CeO2 is 8 nm, while that of 
Pd0.02Ce0.98O2-δ increased to 13 nm. 
 

                        βhkl cosθ =
Kλ
D

+ 4εsinθ                                       (1) 
 

Table 4.1: Physicochemical properties of the synthesised materials. 

Catalyst 
Lattice 

parameter a (Å) 
Lattice 

strain (10-3) 
Crystallite 
size (nm) 

Surface 
area 

(m2/g) 
CeO2 5.4221 1.10 8 69 

Pd0.02Ce0.98O2–δ 5.4200 4.20 13 58 
 

 
Figure 4.2: Light microscopy (A) SEM (B) TEM (C) and HR-TEM (D) analysis of the Pd0.02Ce0.98O2-δ 

catalyst. 
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The SEM and TEM images of CeO2 and Pd0.02Ce0.98O2-δ samples have very similar 
morphology (Figure 4.2). In both samples, the particles are present in the form of 
different sized lumps or flakes with rounded shaped structures. These types of 
structures are generated due to the nature of the solution combustion synthesis 
method, where gases escape giving rise to porosity. The BET surface area of the 
Pd0.02Ce0.98O2-δ sample was found to be 58 m2/g (Table 4.1). 
 
The catalytic performance of the as prepared Pd0.02Ce0.98O2-δ solid-solution 
precatalyst was evaluated in the Sonogashira coupling of phenylacetylene and 
various haloarenes and the results are listed in Table 4.2. Optimisation of 
reaction conditions was conducted in order to develop a general catalytic system 
for the copper- and ligand-free Pd0.02Ce0.98O2-δ catalysed Sonogashira coupling 
reaction. Solvent, temperature, alkyne loading, base and catalyst loading 
investigations were conducted using phenylacetylene (1) and iodobenzene (2) 
as model coupling partners (Scheme 4.1). 
 

 
Scheme 4.1: The model Sonogashira cross-coupling reaction between phenylacetylene (1) and 

iodobenzene (2) leading to biphenylacetylene (3) 

 
We first conducted investigations to find a solvent system that is conducive for 
the Sonogashira coupling reaction (Figure 4.3). The solvent systems investigated 
were: acetonitrile (CH3CN), DMF, toluene (PhMe), “solvent-less” and H2O/CH3CN 
(1:3 v/v). Toluene gave the lowest conversion of 32 % after 8 hours, while 
“solvent-free” and acetonitrile conditions gave relatively high conversion of 68% 
and 80% respectively. DMF gave 100 % conversion in 3 hours, while 
H2O/acetonitrile (1:3 v/v) went to completion in an hour. Hence, further 
investigations were conducted in H2O/acetonitrile (1:3 v/v). Böhm et al. 
reported that the polarity and hydrogen bonding ability of the solvent are 
important in accelerating the reaction by stabilizing the ionic intermediates of 
the catalytic cycle [4]. The solvent investigation results agree well with the above 
statement, since the reaction conducted in toluene has the longest reaction time 
and the lowest % conversion, while those conducted in aqueous acetonitrile had 
the shortest reaction time and gave 100 % conversion of phenylacetylene. The 
Böhm et al. findings also indirectly address the nature of catalysis for most 
Sonogashira coupling procedures (discussed later). 
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Figure 4.3: Solvent investigation results under the model Sonogashira coupling conditions. Reaction 

conditions: 2.3 mmol of iodobenzene, 1 mol% (based on Pd) of Pd0.02Ce0.98O2-δ, 2 equiv. 
phenylacetylene and 5 equiv. of Et3N in a corresponding solvent system at 82 °C. 

 
The choice of base is considered crucial in Sonogashira coupling reactions. The 
base is used to neutralise the acid (HX) formed as a by-product in this reaction 
[4]. In addition, the base plays a role in inhibiting the generation of a homo-
coupling product (Glaser-type reaction) and its strength plays a key role in the 
deprotonation of terminal alkynes [4,27]. Amongst the investigated bases, 
triethylamine was found to be the best base under our reaction conditions (Table 
4.2). The reaction went to completion in just an hour when triethylamine was 
used as base, while the reactions didn’t go to completion with the other bases 
investigated (K2CO3, NaOH, CH3COONa and Cs2CO3). It has been suggested that 
amines don’t act as bases only, but also as weak coordinating ligands [28]. Hence, 
beside the observed solubility problem, when the inorganic bases were used, the 
fact that triethylamine can act as a coordinating base is thought to be a major 
reason for its superior performance. 
 

Table 4.2: Investigating the effect of a base on the model Sonogashira cross-coupling reaction 

Entrya Base Reaction time/h Conversion/% 
1 Cs2CO3 24 62 
2 Et3N 1 100 
3 K2CO3 24 66 
4 NaOAc 24 21 
5 NaOH 24 48 

aReaction conditions: 2.3 mmol of iodobenzene, 1 mol% (based on Pd) of Pd0.02Ce0.98O2-δ, 2 equiv. 
phenylacetylene and 5 equiv. of the base in H2O/acetonitrile (1:3 v/v) at 82 °C. 
 
Three different temperatures were also investigated; 25, 50 and 82 °C (Figure 
4.4). It was found that the reactions were most rapid under refluxing conditions 
(82 °C).  
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Figure 4.4: Investigating the effect of temperature on the model Sonogashira coupling reaction. 

Reaction conditions: 2.3 mmol of iodobenzene, 1 mol% (based on Pd) of Pd0.02Ce0.98O2-δ, 2 equiv. 
phenylacetylene and 5 equiv. of Et3N in H2O/acetonitrile (1:3 v/v) at investigated temperature. 

 

 
Figure 4.5: Catalyst loading investigation on the model Sonogashira coupling reaction. aReaction 

conditions: 2.3 mmol of iodobenzene, ‘X’ mol% (based on Pd) of Pd0.02Ce0.98O2-δ, 2 equiv. 
phenylacetylene and 5 equiv. of Et3N in H2O/acetonitrile (1:3 v/v) at 82 °C. 

 
Several experiments were conducted to find the lowest amount of the catalyst 
loading (based on Pd) that could efficiently catalyse the Sonogashira coupling 
reactions in reasonable reaction times (Figure 4.5). The investigations were 
initiated with catalyst loading between 0.05-1 mol%. For loadings of 0.1-1 mol%, 
the reaction was found to be to very fast, and the reaction went to completion in 
an hour. This fast reaction makes it difficult to monitor the substitution and 
electronic effect caused by the aryl halides. Hence, a catalyst loading of 0.05 
mol% was investigated; this then gave a slower reaction that went to completion 
in 3 hours.  
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Table 4.3: Sonogashira cross-coupling of phenylacetylene with various iodoarenes to give 
substituted biphenylacetylenes under our optimum reaction conditions 

 

Entry Iodoarene 
Reaction 
time /h 

Isolated yield / % 

1 
 

3 98 

2 
 

4 94 

3 
 

44 70 

4 
 

2 91 

5 
 

1 90 

6 

 

1 93 

7 
 

9 92 

8 

 

3 92 

9 
 

1 98 

10 

 

2 95 

11 
 

1 95 

12 

 

1 93 
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Hence, the obtained optimum conditions are limited to iodoarenes and aromatic 
alkynes as coupling partners only. Performance comparisons of the present 
catalyst in Sonogashira cross coupling reactions of iodobenzene and 
phenylacetylene against other related Cu- and ligand-free catalytic systems are 
shown in Table 4.4. 
 

Table 4.4: Performance comparisons of catalysts in the reaction of iodobenzene and 
phenylacetylene under copper- and ligand free conditions. 

Entry[ref] Catalyst 
Reaction 

conditions 
Time 

/h 
Yield 
/% 

1[14] Pd-CoFe2O4 
(5 mol% Pd) 

Ethanol, K2CO3, 70 
°C 

6 90 

2[27] Pd-2QC-MCM-41 
(0.18 mol% Pd) 

NMP, piperidine, 
80 °C 3 99 

3[5] Pd-MgLa 
(1.5 mol% Pd) DMF, Et3N, 90 °C 10 90 

4[19] Pd0/montmorill-onite 

(0.07 mol% Pd) 
CH3CN, Et3N, 82 °C 3 90 

5 
(This paper) 

Pd0.02Ce0.98O2-δ 

(0.05 mol% Pd) 
H2O/CH3CN (1:3), 

Et3N, 82 °C 3 98 

 

4.4 Leaching and recyclability test 
A strong test for evaluating heterogeneity of a catalyst is the hot filtration test. To 
determine whether the reactions reported here were homogeneous or 
heterogeneous, a hot filtration test was performed for the Sonogashira coupling 
of phenylacetylene and iodobenzene. The catalyst was filtered-off from the 
reaction mixture after 5 min, and the hot filtrate was then allowed to react 
further under similar conditions. The reaction was then monitored every 15 min 
for 2 hours. Assessment of the rate of iodobenzene conversion from the fresh 
reaction and the hot filtration test suggests that the activity in the fresh reaction 
can be attributed to the Pd species in the solution (Figure 4.6). The fresh catalyst 
and the hot filtrate have almost identical reaction profiles (Figure 4.6). An ICP 
analysis of the filtered solution confirmed the presence of about 0.5 ppm of Pd in 
the hot filtrate.  
 
Since the active catalytic phase was evidently the leached Pd, we attempted to 
determine the active Pd species using the mercury-poising test. Hg(0) is known 
to form amalgams with a variety of metals in their zero oxidation state [24]. 
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Hence, if Pd dissociates from the solid Pd0.02Ce0.98O2-δ, it would bind with Hg(0) 
thereby quenching its catalytic activity. However, Pd in a raised oxidation state is 
not expected to be quenched by Hg(0) [24]. Thus, the mercury-poising test was 
used to establish whether bare Pd(0) did participate in catalysing the 
Sonogashira coupling reactions. 
 

 
Figure 4.6: Reaction profiles of fresh catalyst, hot-filtration, recycled catalyst and mercury-poison 

tests. 

 
To do the mercury poison test for the system described here, the Pd0.02Ce0.98O2-δ 
catalyst was filtered-off from the reaction mixture after a reaction time of 5 min 
and 2.5 mmol Hg(0) was added to the hot reaction mixture. The reaction mixture 
was then allowed to react further under similar conditions, while monitoring the 
activity every 15 min. It was found that no further reaction occurred after 15 
min. Thus, the analysis confirms the presence of Pd(0) in the solution, which in 
turn gives insight into the reaction mechanism. Hence, the Pd0.02Ce0.98O2-δ 
catalyzed Sonogashira coupling reaction is essentially a quasi-heterogeneous 
catalytic process occurring over solvated Pd(0) clusters.  
 
The recycled catalyst showed about 60 % conversion of iodobenzene in 2 hours. 
Hence, the recyclability test suggests that some of the leached Pd can redeposit 
on the CeO2 support at the end of the Sonogashira reaction, and/or the 
Pd0.02Ce0.98O2-δ serves as an active catalyst reservoir.  
 

4.5 Proposed mechanism 
The exact mechanism by which the quasi-heterogeneous Pd0.02Ce0.98O2-δ 
catalyzed copper- and ligand-free Sonogashira coupling reaction occurs is still 
under examination. However, the catalytic activity results, leaching and 
recyclability tests seem to indicate that the reaction follows a Pd(0)/Pd(2+) 
mechanism (Scheme 4.2). We proposed that the first step in the reaction 
mechanism is ‘pre-activation’ which allows Pd2+0.02Ce0.98O2-δ to enter the catalytic 
cycle as Pd0/CeO2. The Pd(2+) ions in the fresh catalyst are reduced in situ by 
triethylamine and/or the solvent system (H2O/acetonitrile) to Pd(0) [28,29]. 
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Since Pd(0) is more electron rich than Pd(2+), it allows for oxidative addition of 
the iodoarene, which marks the beginning of the catalytic cycle. The alkyne 
coordinates and forms a pi complex with Pd and then the desired Sonogashira 
coupling product is generated through the reductive elimination step. 
 

 
Scheme 4.2: A proposed reaction mechanism for Pd2+0.02Ce0.98O2-δ catalysed quasi-homogeneous 

Sonogashira cross-coupling reactions. 

 

4.6 Conclusions 
In conclusion, we have developed a general and simple process for Sonogashira 
coupling reactions using Pd0.02Ce0.98O2-δ as a precatalyst. The catalyst was found 
to be very effective in a water/acetonitrile solvent system at 82 °C under ligand- 
and Cu-free reaction conditions. A wide range of iodorenes were coupled to 
phenylacetylene using this catalytic route. It was also found that the 
Pd0.02Ce0.98O2-δ catalysed Sonogashira cross-coupling reactions are essentially a 
quasi-heterogeneous catalytic process occurring over solvated Pd(0) clusters. As 
a result, the recovered catalyst looses some activity upon recycle.  
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Chapter 5 

PdCuCeO-TPAB: A new catalytic system for quasi-
heterogeneous Suzuki-Miyaura cross-coupling 
reaction under ligand-free conditions in water. 

 

Abstract  
In this contribution, we report a simple and clean method for preparation of a 
single-phase Pd0.04Cu0.04Ce0.92O2-δ (PdCuCeO) solid-solution oxide and its 
application in quasi-heterogeneous Suzuki-Miyaura cross-coupling reactions. 
The catalyst was characterised fully and all the characterisation techniques 
strongly suggest that the Pd2+ and Cu2+ ions were succesfully incorporated into 
the lattice of ceria. The as-prepared PdCuCeO solid-solution oxide was tested on 
Suzuki-Miyaura cross-coupling reactions under ligand free conditions using 
water as a sole solvent and tetrapropylammonium bromide (TPAB) as a phase 
tranfer catalyst. It was discovered that TPAB acts as scavenger of Pd and the 
resulting material (Pd/TPAB) is able to catalyse the Suzuki-Miyaura coupling 
reaction. The Suzuki-Miyaura coupling of aryl iodides, bromides as well as 
activated aryl chlorides was efficiently performed by this PdCuCeO-TPAB 
catalytic system. The PdCuCeO-TPAB catalytic system also displayed good 
functional group tolerance and good to excellent isolated yields were obtained. 
Catalyst leaching and recyclability studies revealed that PdCuCeO acts as a Pd 
reservoir and that the reactions are essentially quasi-heterogeneous occuring 
over the recoverable Pd/TPAB aggregates. Only a negligible amount of palladium 
(<0.1 ppm) was detected by ICP-OES in the product solution. 
 

Keywords: Suzuki cross coupling, solid-solution and Pd-subsituted ceria. 
 

5.1 Introduction  
The Suzuki–Miyaura (SM) cross-coupling reactions are characterized by the 
cross coupling of an organohalide or organotriflate and an aryl boronic acid to 
give a biaryl compound [1-3]. The SM cross-coupling reaction has become a 
useful strategy for the preparation of substituted biaryl compounds, which are 
essential building blocks for agricultural, pharmaceutical and engineering 
material industries [4-10]. The 2010 Nobel Prize in Chemistry, awarded to Akira 
Suzuki, Richard Heck and Ei-ichi Negishi, further demonstrated the significance 
of Pd-catalyzed cross coupling reactions [11]. Given the applicability of the SM 
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reactions, the design of a more sustainable procedure that uses inexpensive and 
easily prepared catalysts, environmentally friendly solvents and avoids the use 
of expensive ligands remains a goal of high practical value [12]. 
 
There is also a growing interest to finding a suitable replacement for palladium 
with cheaper metals such as iron, copper and nickel [13]. Moreover, Cu(I) salts 
and Cu2O have been reported as co-reagents and co-catalysts in SM coupling 
reactions [14-19]. However, we think it is of equal importance to determine 
whether palladium catalysts can be better utilised to broaden their impressive 
reactivity [20]. Notably, Pd catalysts often display a higher reactivity than their 
alternatives, which enable them to easily catalyze less reactive substrates and 
achieve high catalyst turnover numbers (TONs) [21]. Furthermore, bimetallic 
nanoparticles supported on carbon (Pd-Cu/C, Pd-Ni/C and Pd-Ag/C) have also 
shown activity in SM coupling reactions [22]. The catalytic efficiency based on 
the yield of the desired product decreased in the following order: Pd-Cu/C > 
Pd/C > Pd-Ag/C > Pd-Ni/C [22,23]. Thathagar et al. also observed that the 
combined Pd/Cu nanoclusters displayed the highest activity among all the other 
combinations (Pd/Pt and Pd/Ru nanoclusters) [14].  
 
Herein, we further investigated the Pd and Cu combination using the 
Pd0.04Cu0.04Ce0.92O2-δ (PdCuCeO) solid-solution oxide, instead of Pd-Cu/C or 
Pd/Cu nanoclusters, as a bimetallic catalyst for SM reactions. We have previously 
shown that substitution of Pd2+ and Cu2+ ions within the CeO2 lattice allows for 
complete palladium and copper dispersion, which, as a result, increased the 
catalyst activity in CO oxidation [24,25] In addition, we also showed that the 
synergetic effect between palladium, copper and cerium ions improves the 
catalyst reducibility and as a result, it enhanced its performance in CO oxidation 
[24]. For this contribution, we wanted to further exploit the synergetic effect 
between Pd-Cu-Ce to hopefully enhance the reactivity of PdCuCeO in SM cross-
coupling reactions.  
 
Recently, a wealth of literature has been reported on supported Pd catalysts that 
catalyze SM cross-coupling reactions with high reactivity, good recyclability and 
minimal metal leaching [6-11,26-41]. However, the nature of the true catalyst is 
still unclear and the dominant view at present is that the mechanism of most C-C 
cross-coupling reactions is largely homogeneous irrespective of the type of 
catalyst precursor used [42-49]. Hence, the challenge of distinguishing 
heterogeneous from homogeneous catalysis when heterogeneous systems are 
developed is still a critical topic [7,9,42,50]. 
 
In this regard, we now report a “greener” and highly efficient procedure that can 
quasi-heterogeneously catalyse SM coupling using an easily prepared PdCuCeO 
solid-solution oxide that can be recovered and reused at end of the reaction. In 
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addition, we have eliminated the need for a ligand and utilise water as the sole 
solvent, since it is cheap, safe and environmentally friendly [27,31]. We also 
investigated the true nature of catalysis for this SM reaction by doing selective 
poisoning and hot-filtration tests. 
 

5.2 Experimental 
Cerium ammonium nitrate [(NH3)Ce(NO3)6, 99.9%], palladium nitrate 
[Pd(NO3)2], copper nitrate [Cu(NO3)2], and urea [CH4N2O, 99.9%] were obtained 
from Sigma-Aldrich and were used without further purification. 
 

5.2.1 Procedure for synthesis of Pd0.04Cu0.04Ce0.92O2-δ 
The monophasic Pd0.04Cu0.04Ce0.92O2-δ solid-solution oxide was prepared using a 
one-step urea-assisted solution combustion synthesis method described earlier 
[26]. The catalyst synthesis method involved preparation of a redox combustion 
mixture composed of stoichiometric amounts of metal precursors 
[(NH4)2Ce(NO3)6, Pd(NO3)2 and Cu(NO3)2] and urea [NH2CONH2] in the ratio of 
1.0:3.68 respectively. The solution was then stirred at 150 °C for 10 minutes to 
evaporate water and reduce its volume to ≈20 mL. The boiling solution was then 
introduced into a muffle furnace pre-heated at 400 °C and was kept in the 
furnace for 5 hours. A light grey solid was obtained. 
 

5.2.2 Catalyst testing: general procedure for coupling reactions 
A dry two necked pear-shaped flask containing a stirrer bar, a condenser and 5 
mL of H2O was charged with an aryl halide (4.6 mmol), boric acid (2 eq.), Na2CO3 
(3 eq.) and catalyst Pd0.04Cu0.04Ce0.92O2-δ (0.05 mol% Pd). The reaction mixture 
was stirred and (usually) heated to 100 °C and its progress was monitored by GC 
and GC-MS (the reaction mixture was homogenized with 5 mL of toluene). The 
aryl halide conversion was used to estimate the catalytic activity, using 
benzophenone as an internal standard. After the reaction had gone to 
completion, the reaction mixture was filtered and the filtrate was extracted with 
ethyl acetate and brine. Pure products were obtained by simple filtration 
through silica gel using ethyl acetate as solvent. The structure of the coupling 
product was confirmed by 1H and 13C NMR spectroscopy and the results were 
consistent with those reported in literature for substituted biphenyls.8 
 

5.2.3 General procedure for catalyst recovery and recyclability 
The catalyst used in the first run was separated by centrifugation, washed with 5 
mL toluene and water, respectively, dried at 60 °C and reused as described for 
the fresh catalyst. 
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5.3 Results and discussion 
The solution combustion synthesis method was used to prepare the bimetallic 
Pd0.04Cu0.04Ce0.92O2-δ (PdCuCeO) solid-solution oxide. This synthesis method was 
preferred because it is a relatively simple, quick and inexpensive method for 
synthesizing highly crystalline and pure noble metal substituted oxides [51-54]. 
We have recently shown the structural and electronic properties of this material 
using X-ray diffraction (XRD), XPS, XANES, Raman spectroscopy, EXAFS and 
high-resolution transmission electron microscopy (HR-TEM) [24]. The Rietveld 
refinement fits of XRD data for PdCuCeO correspond only to the ceria phase with 
the fluorite structure (JCPDS 34-0394). The absence of the PdO and CuO phases 
in the X-ray pattern of PdCuCeO supports its phase purity and also strongly 
suggests that Pd2+ and Cu2+ ions were successfully incorporated into the ceria 
lattice (Figure 5.1). The STEM-EDX (Figure 5.1, insert) confirmed the presence of 
Pd and Cu in the as-prepared PdCuCeO and also shows that both metals are 
homogeneously dispersed in the ceria lattice. 
 

 
Figure 5.1: The Rietveld refined XRD patterns of PdCuCeO and its STEM-EDX image (insert)  

 
Table 5.1: Physicochemical properties of prepared materials. 

Catalyst 
Metal loading (wt%) 

Crystallite size (nm) Surface area 
(m2/g) 

Pd Cu 
CuCeO - 1.8 14 31 
PdCeO 2.9 - 14 33 

PdCuCeO 3.1 1.7 11 34 
 
We also synthesised two monometallic ionic solid-solution oxides (Pd0.04Ce0.96O2-

δ [PdCeO] and Cu0.04Ce0.96O2-δ [CuCeO]) as control materials. The chemical 
composition and some physicochemical properties of the studied materials are 
summarised in Table 5.1 and the rest of the characterisation data (XRD, TEM, 
SEM, EDS and TGA) is enclosed in Appendix 1 (Figure A1.4-A1.11). The 
Williamson-Hall method was used to estimate the average crystallite sizes of the 
prepared solid-solution oxides [24]. The three materials have similar physical 

Pd Cu Ce 
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properties, their surface areas ranges between 31-34 m2/g, while their crystallite 
sizes range from 11-14 nm (Table 5.1). 
 

5.3.1 Assessment of catalyst activity 
The catalyst testing studies began by assessing the effect of several variables on 
catalyst activity using iodobenzene and phenylboric acid as model coupling 
partners. First, water was chosen as the reaction medium, since one of our aims 
was to eliminate organic impurities and use water as sole solvent. We then 
investigated commonly used inorganic bases (K2CO3, Na2CO3, Cs2CO3, NaOH and 
t-BuOK) in the Suzuki-Miyaura coupling reactions. All the tested bases, except 
NaOH, gave identical results and Na2CO3 was chosen since it is the most 
commonly used base [55]. 
 

Table 5.2: Optimisation of reaction conditions 

 

Entrya Base 
Catalyst loading 

(mol% Pd) Temp. (°C) 
Reaction time 

(h) 
Yield 
(%)c 

1 t-BuOK 0.5 100 1 100 

2 K2CO3 0.5 100 1 100 

3 Cs2CO3 0.5 100 1 100 

4 Na2CO3 0.5 100 1 100 

5 NaOH 0.5 100 3 100 

6 TPAB 0.5 100 8 10 

7 Na2CO3 0.5 60 1 100 

8 Na2CO3 0.5 25 12 0 

9b Na2CO3 0.1 100 2 100 

10b Na2CO3 0.05 100 2 100 
aVolume of water = 2 mL  
bVolume of water = 5 mL 
cGC yield  
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It was later realized that for bromoarenes and chloroarenes, the reactions don’t 
proceed efficiently in the absence of a phase transfer catalyst, tetrapropyl 
ammonium bromide (TPAB) [56-59]. Hence, all the reactions were carried out in 
the presence of TPAB to allow for a good comparative study (Table 5.2).  
 
Temperature and catalyst loading were also optimized and the optimum reaction 
conditions found are summarized in Table 5.3. There was no reaction at room 
temperature, while the reaction went to completion in an hour at 60 and 100 qC 
(Table 5.2). Further testing was carried out at 100 qC to allow for better 
miscibility of less water-soluble substrates and better reactivity for difficult 
substrate such as chloroarenes.  
 

Table 5.3: Optimisation of reaction conditions 

 
Reaction conditions 

Solvent H2O (5 mL) 

Base Na2CO3 (3 eq.) 
Temperature 100 °C 

Catalyst loading (Pd based) 0.05 mol% 
Additive TPAB (1 eq.) 

 
Under the obtained optimum reaction conditions (Table 5.3), several control 
reactions were carried out using 2-bromoanisole and phenylboric acid as model 
coupling partners. 2-Bromoanisole is a highly deactivated coupling partner, thus 
it allows for a more reliable determination of the most robust catalytic system. 
The results showed that no reaction occurs in the absence of a palladium 
containing catalyst (Table 5.4). In addition, the palladium and copper containing 
catalyst (PdCuCeO) was the superior catalyst. Firstly, the data suggests that 
palladium is the active metal; secondly, it suggests that there is a synergetic 
effect between palladium and copper ions, since PdCuCeO was more active than 
PdCeO, while CuCeO was inactive. Hence, the synergetic effect between 
palladium and copper in PdCuCeO improves its catalyst performance. Further 
catalytic testing was thus carried out using the PdCuCeO solid-solution oxide. 
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Table 5.4: Investigating the most robust catalyst for SM cross-coupling reactions under optimum 
reaction condition. 

 
Entry Catalyst % Yield 

1 No catalyst No reaction 

2 CuCeO No reaction 

3 PdCeO 20 

4 PdCuCeO 48 
 
To establish the versatility of the developed PdCuCeO catalyzed SM coupling 
reactions, the reactions of phenylboronic acids with iodoarenes, bromoarenes, 
and chloroarenes were further studied; the results are summarized in Tables 5.5 
and 5.6. To allow for a good comparative study, the reaction time was fixed at 30 
minutes, since using water as a sole solvent meant that we couldn’t reliably and 
quantitatively monitor the progress of the reaction due to limited solubility of 
some substrates and products in the reaction medium.  
 
The results show that the PdCuCeO catalysed SM cross-coupling reactions are 
efficient over a wide range of ortho-, meta- and para-substituted haloarenes and 
that various functional groups of the substituents are well tolerated. The 
PdCuCeO catalyst was highly active, achieving TOFs of up-to 3300 h-1 (Table 5.5). 
It was observed that electron-withdrawing substituents speed-up the reaction 
(Table 5.5, Entries 4-7 and 12-15), while electron-donating substituents slow 
down the catalytic activity (Table 5.5, Entries 2-3 and 9-10). The highly activated 
substrates reacted have identical TOFs since their reaction times are less than 30 
minutes (which is fixed) and each reaction only yields the desired product. 
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Table 5.5: SM cross-coupling of iodo- and bromoarenes with phenylboric acid to give substituted 
biphenyls under our optimum reaction conditions 

 
Entry R1— X % Yield TOF /h-1 

1 H I 85 2797 
2 4-NH2 I 62 2010 
3 4-Me I 72 2338 
4 4-COH I 100 3308 
5 4-COMe I 100 3308 
6 3-CF3 I 100 3308 
7 4-NO2 I 100 3308 
8 H Br 80 2630 
9 4-Me Br 73 2402 

10 2-OMe Br 48 1670 
11 4-F Br 88 2890 
12 4-COH Br 100 3308 
13 4-COMe Br 100 3308 
14 4-CF3 Br 100 3308 
15 4-NO2 Br 100 3308 

 
Due to the success gained from the activation of aryl iodides and bromides, the 
study was extended to develop a procedure that facilitates efficient SM coupling 
of chloroarenes (Table 5.6). The synthesis of fine chemicals and phamaceuticals 
should benefit highly from the activation of chloroarenes, since these can serve 
as cheap and readily available starting materials. Unfortunately, chloroarenes 
are notoriously more difficult to activate than iodo- and bromoarenes. In our 
initial study, we focused on the coupling of unactivated chloroarenes (Table 5.6, 
Entry 1), however, sluggish results were obtained even when using 4.6 mol% Pd. 
Moderate to excellent yields were only obtained from coupling of activated 
chloroarenes with various phenylboric acids (Table 5.6, Entry 2-5). The activated 
chloroarenes also allowed for lower catalyst loading. 
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Table 5.6: SM cross-coupling of chloroarenes with various phenylboric acids to give substituted 
biphenyls 

 
Entry Chloroarene R2 %Yield TOF /h-1 

1a 
 4-H <5 <4 

2a 

 
4-Me 42 15 

3b 
 

4-H 100 34 

4b 
 

4-Me 100 34 

5b 
 

4-OMe 100 34 

   aCatalyst loading = 4.6 mol% 
   bCatalyst loading = 2.3 mol% 
 
To evaluate the performance of the developed catalytic system, the product yield 
(4-acetylbiphenyl) of the present catalytic system was compared to other 
reported “heterogeneous” and ligand-less palladium catalyzed SM cross-coupling 
reactions that use water as sole solvent (Table 5.7). The yield of 4-acetylbiphenyl 
in this work was found to be comparable or better to most reported yields in 
literature. Furthermore, the present catalyst system gives superior TONs and 
TOFs than most reported catalytic systems that use water as a sole solvent 
(Tables 5.5 and 5.7) [12,59-63]. 
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Table 5.7: Performance comparison of catalytic systems in SM coupling of 4-bromoacetophenone to 
phenylboric acid under ‘heterogeneous’, ligand-free conditions that use water as a sole solvent. 

 

Entry 
Catalyst [mol% 

Pd] 
Reaction 

conditions 
Time 

/h 
Yielda 

/% 
Ref. 

1 Pd/C [0.05] H2O, CTAB, 
K2CO3, @60 °C 

4 89 (445) [60] 

2 Pd/polymer [2] 
H2O, K3PO4, 

@100 °C 5 
93 
(9) [61] 

3 Pd/porous glass 
[0.45] 

H2O, K2CO3, 
TBAB, 

MW(300W), 
@150 °C 

0.17 
99 

(12941) [62] 

4 Pd@SBA-15(C) 
[0.08] 

H2O, TBAB, 
K2CO3, @80 °C 1 

97 
(1212) [63] 

5 Pd/HAP [0.33] 
H2O, K2CO3, 

TBAB, @80 °C 
4 

94 
(71) 

[12] 

6 PdNPs/ZrO2 
[0.1] 

H2O, TBAOH, 
@90 °C 14 90 

(71) [59] 

7 PdCuCeO [0.05] 
H2O, Na2CO3, 

TPAB, @100 °C 0.5 
100 

(3308) 
This 

paper 

aParentheses = TOF/h-1 

 

5.4 Catalyst leaching and recyclability studies 
The SM cross-coupling reaction is often used by pharmaceutical industries in the 
synthesis of medicinal compounds. Thus it is important to quantify the residual 
metal in the product when developing heterogeneous systems. The requirement 
is that the residual metal must be kept below 5 ppm [57,64]. To distinguish 
homogeneous from heterogeneous catalysis and possibly determine the true 
nature of catalysis for these reactions in the present study we conducted a series 
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of investigations: catalyst recovery and recyclability, hot-filtration, selective 
poisoning tests and elemental analysis of the fresh and used catalyst. 
Phenylboric acid and 4-bromoacetophenone were used as model coupling 
partners for all the leaching and recyclability studies. 
 
The catalyst was recovered quantitatively at the end of the reaction and reused 
three times. It was observed that the catalyst activity dropped with each 
subsequent recycle (Figure 5.2). Catalyst deactivation is usually caused by 
chemical, mechanical and/or thermal degradation of the heterogeneous catalyst. 
Herein, we only investigated chemical degradation (leaching) of the catalyst, 
since it is the most common catalyst deactivator for these types of reactions and 
its study could lead to a better understanding of the true nature of the catalysis 
[44,57]. To investigate the cause of deactivation we conducted elemental 
analysis of the reaction solution, fresh and used catalyst (Table 5.8). The metal 
content of the fresh and used catalyst were compared and it was observed that 
the fresh catalyst lost about 50% of Pd and Cu in its first use. However, only 
about 6% of the leached Pd was found in the reaction solution (Table 5.8).  
 

Table 5.8: ICP-OES elemental analysis of the fresh and used PdCuCeO catalyst 

 Pd loading 
(wt%) 

Cu loading 
(wt%) 

STEM-EDX image of 
used PdCuCeO 

 
Fresh PdCuCeO 3.1 1.7 

 

 
Used PdCuCeO 1.4 0.72 

Reaction solution <0.1 ppm 3 ppm 

 
Catalyst poisoning tests were thus performed to further investigate the possible 
presence of leached, soluble palladium from the PdCuCeO pre-catalyst. This test 
was performed using ethylpyridine as poison, since pyridines are reported to 
bind strongly to Pd(II) [44,65]. Ethylpyridine was added along with the other 
reagents at the start of the reaction and then the reaction was stirred under 
similar conditions. The results in Figure 5.2 revealed that ethylpyridine addition 
did partially deactivate the catalyst, since the 4-bromoacetophenone conversion 
dropped to 40%. Hence, this test confirmed the presence of leached palladium in 
the TPAB-water mixture. 
 
The hot filtration test was then performed to assess the activity of any leached 
palladium in the TPAB-water mixture. In the hot filtration test, a mixture of 
PdCuCeO, 4-bromoacetophenone, phenylboric acid, TPAB and Na2CO3 in water 
was stirred at 100 °C for 5 minutes. The catalyst was filtered off from the 

Pd Cu Ce 
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reaction mixture after 5 min and the hot filtrate was then allowed to react 
further for 25 minutes under similar conditions. It was, however, noticed that 
during the hot filtration a significant quantity of TPAB precipitated out of the 
solution, hence the filtrate contained little to no TPAB. The results in Figure 5.2 
show negligible activity in the filtrate, suggesting that there is very little soluble 
Pd present in the solution. The ICP elemental analysis of the filtrate also revealed 
that there was a very low amount of Pd (<0.1 ppm) left in the filtrate (Table 5.8). 
Hence, lack of activity is due to an insufficient amount of Pd in the filtrate to 
catalyse the Suzuki reaction. 
 

 
Figure 5.2: Catalyst leaching and recyclability studies 

 
It was suspected that the Pd might have precipitated out with TPAB, since the 
ethylpyridine poison test confirmed the presence of Pd in the TPAB-water 
mixture. This then led us to recover TPAB and test its activity. The recovered 
TPAB gave about 40% conversion to the desired product. This suggest that TPAB 
acts as a scavenger of Pd and its aggregates are able to generate, in situ, highly 
dispersed palladium nanoparticles (Pd/TPAB) from simple PdCuCeO. Hence, the 
catalyst recyclability and leaching tests performed in the current work agree 
very well with the findings of other studies using Pd-doped metal oxides as 
precatalysts, and substantiate the hypothesis that the precatalysts act as a 
palladium reservoir, that slowly releases extremely reactive Pd species [37,60]. 
In our case, the released Pd is captured by TPAB and generates, in situ, a highly 
active quasi-heterogeneous Pd/TPAB catalyst (Scheme 5.1). We have termed the 
active catalyst system as PdCuCeO-TPAB. The catalytic cycle is then initiated by 
the oxidative addition of the aryl halide to palladium to form the 
organopalladium complex. In the presence of a base, this organopalladium 
complex reacts with boric acid via a transmetallation step and the desired 
product is then obtained via the reductive elimination step (Scheme 5.1). This 
special type of the Pd release/capture mechanism proved very advantageous, 
since it has potential to resolve the difficulties of catalyst separation and 
recovery and it greatly minimizes metal contamination of the products. 
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Scheme 5.1: Shows an illustration of the proposed reaction mechanism for the PdCuCeO-TPAB 

catalysed quasi-heterogeneous SM cross-coupling reactions. 

 

5.5 Conclusions 
In summary, we have demonstrated that the PdCuCeO-TPAB catalytic system can 
catalyse the Suzuki-Miyaura cross-coupling under milder and more 
environmentally friendly reaction conditions. The reactions were conducted in 
water as sole solvent and the addition of a ligand was unnecessary. The 
PdCuCeO-TPAB catalytic system also displayed good functional group tolerance 
and good to excellent isolated yields were obtained. Catalyst leaching and 
recyclability studies revealed that PdCuCeO acts as a Pd reservoir and that the 
reactions are essentially quasi-heterogeneous, occuring over recoverable 
Pd/TPAB aggregates. The TPAB aggregates generate, in situ, highly dispersed 
palladium nanoparticles from simple PdCuCeO. As as result, the PdCuCeO 
catalytic activity declined with each subsequent recycle. However, only a 
negligible amount of palladium (<0.1 ppm) was detected by ICP-OES in the 
product solution because most of the palladium is removed from the reaction 
solution by TPAB. Hence, this PdCuCeO-TPAB catalytic system has potential to 
resolve the difficulties of catalyst separation and recovery, since it greatly 
minimises metal contamination of the products.  
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Chapter 6 

Summary and conclusion 
 
The construction of carbon-carbon bonds remains highly topical and has a huge 
industrial potential. The carbon-carbon forming reactions are frequently 
employed in the building of complex and bioactive molecules that are developed 
as medicines and agrochemicals. In addition, the awarding of the 2010 Nobel 
Prize in chemistry to Richard F. Heck, Ei-ichi Negishi and Akira Suzuki for their 
work on palladium catalyzed cross-coupling reactions further emphasized the 
importance of this field. Hence, the objectives were to further explore this area of 
research with the aim of developing heterogeneous variants of carbon-carbon 
cross-coupling reactions. In addition, the aim was to develop catalysts with 
improved reactivity by incorporating Pd2+ ions in the lattice structure of ceria; as 
opposed to a more conventional approach that involves deposition of palladium 
nanoparticles on the surface of ceria. The three catalytic systems that were 
developed for Heck-Mizoroki, Sonogashira and Suzuki-Miyaura cross coupling 
reactions, all used palladium and ceria (PdxCe1-xO2-δ) based solid-solution oxides 
as catalysts. All the solid-solution oxide catalysts were synthesised using a 
single-step urea-assisted solution combustion synthesis method. These solid 
solution oxides were fully characterized by XRD, ICP-OES, BET, XPS, SEM, EDX, 
TEM, TGA and Raman spectroscopy. The physicochemical properties of these 
materials strongly suggested that Pd2+ was successfully incorporated into the 
lattice structure of ceria and the formed solid-solid solution oxides were 
monophasic. 
  
With regards to the catalytic system developed for ligand-free Heck-Mizoroki 
cross coupling reactions, a more highly Pd substituted ceria solid-solution oxide 
catalyst, Pd0.09Ce0.91O2-δ, was used. Good to excellent yields of substituted olefins 
were obtained with this solid-solution oxide catalyst. The Heck-Mizoroki cross 
coupling reactions were shown to be affected by electronic and steric effects. 
Electron deficient olefins reacted more rapidly compared to electron rich olefins, 
while an olefin with a more exposed carbon-carbon double bond also reacted 
more rapidly. The physicochemical properties indicated that the fresh 
Pd0.09Ce0.91O2-δ catalyst is monophasic, with Pd2+ ions fully substituted in the 
lattice of ceria and not deposited on its surface as PdO. However, used catalyst 
characterisation revealed that the catalysis occurs over the reduced two phase 
Pd0/CeO2 and not on the as prepared monophasic Pd0.09Ce0.91O2-δ. Catalyst 
recovery and recyclability tests revealed that the active Pd0/CeO2 (formed in 
situ) catalyst could be easily recovered and reused for several times without any 
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significant loss in efficiency. Only a negligible amount of palladium was detected 
in the product solution (0.35 ppm) when the catalyst leaching studies were 
conducted. Hence, it was concluded that under the developed catalytic system, 
the Heck-Mizoroki cross coupling reactions are largely heterogeneous, and 
operate under a release-captured mechanism.  
 
The development of a catalytic system that could catalyse Sonogashira cross 
coupling reactions was performed using Pd0.02Ce0.98O2-δ solid-solution oxide as a 
catalyst. Optimized reaction conditions revealed that the Pd0.02Ce0.98O2-δ catalyst 
was more active when triethylamine was used as a base in a water/acetonitrile 
solvent system at 82 °C. These reactions were performed under ligand- and Cu-
free reaction conditions. The developed catalytic system efficiently generated 
substituted biphenylacetylene in good to excellent yields through the cross 
coupling reaction of phenylacetylene and a wide range of iodoarenes using only 
0.05 mol% catalyst loading. The Sonogashira cross-coupling reactions are 
strongly affected by the electronic nature of the substituents and their position 
on the iodoarene. Electron withdrawing functional groups (e.g. -NO2) tend to 
speed-up the reaction, while electron donating functional groups (e.g. –CH3) 
decrease the reactivity of the catalyst. Unfortunately, these reactions are limited 
to iodoarenes, since bromo- and chloroarenes proved difficult to catalyse. A 
thorough analysis of the reaction profiles from the catalyst leaching and 
recyclability experiments explicitly displayed that the Sonogashira cross-
coupling reactions are accomplished via a quasi-heterogeneous mechanism by 
the leached Pd(0) species. As a result, the recovered Pd0.02Ce0.98O2-δ lost some 
activity upon recycling. Although a negligible amount of palladium (0.5 ppm) 
was found in the product solution, additional developments are still required to 
further enhance the recoverability and recyclability of the Pd0.02Ce0.98O2-δ 
catalyst. 
 
Lastly, this work demonstrated that the synergetic effect between palladium, 
copper and cerium greatly enhanced the reactivity of Pd0.04Cu0.04Ce0.92O2-δ 
(PdCuCeO) solid-solution oxide in Suzuki-Miyaura cross coupling reactions. The 
Pd2+ and Cu2+ co-substituted ceria (PdCuCeO) solid-solution oxide displayed the 
highest activity compared to the mono-substituted Pd0.04Ce0.96O2-δ and 
Cu0.04Ce0.96O2-δ solid-solution oxides. The reactions were conducted under more 
environmentally friendly reaction conditions than conventional systems, since 
water was used as a sole solvent and no ligand was added. The addition of 
tetrapropylammonium bromide (TPAB) as phase transfer catalyst generated a 
robust PdCuCeO-TPAB catalytic system (in situ) that was able to catalyse even 
deactivated bromo- and chloroarenes. In addition, the PdCuCeO-TPAB catalytic 
system displayed good functional group tolerance and good to excellent yields of 
substituted biaryls were obtained.  
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A thorough investigation through a series of suitable experiments clearly 
displayed that PdCuCeO acts as a Pd reservoir. The TPAB aggregates generate, in 
situ, highly dispersed palladium nanoparticles from PdCuCeO to form 
recoverable Pd/TPAB aggregates. Hence, it was concluded that the Suzuki-
Miyaura cross-coupling reactions occur over the recoverable Pd/TPAB 
aggregates under quasi-heterogeneous conditions. As a result, the PdCuCeO 
catalytic activity declined with each subsequent recycle. The leached palladium 
doesn’t stay in the product solution, it precipitates out  as Pd/TPAB aggregates. 
Hence, only a negligible amount of palladium (<0.1 ppm) was detected by ICP-
OES in the product solution. Hence, this PdCuCeO-TPAB catalytic system is not 
only greener and highly efficient, it also has a potential to resolve the difficulties 
of catalyst separation and recovery of the expensive palladium catalyst, and as a 
result, it minimises metal contamination of the products.  
 
In summary, the current studies have proven to be highly relevant and 
contribute greatly to understanding and development of heterogeneous variants 
of palladium catalysed C-C cross coupling reactions. In our research group 
(UKZN Catalysis Research Group) alone, these studies have inspired the design of 
three addition research projects. The first two research projects are being 
carried out by two Masters students, Miss Zanele Vundla and Mrs Nolwazi 
Chonco. Miss Vundla is trying to develop more robust catalytic systems that use 
palladium-substituted ceria-zirconia (PdxZryCe1-x-yO2-δ) to limit palladium 
leaching and enhance its recoverability and recyclability under Heck cross-
coupling reactions. Mrs Chonco is trying to develop a more robust catalytic 
system for Suzuki cross-coupling reactions by exploiting the synergetic effect 
between various metal combinations, PdxMyZrzCe1-x-y-zO2-δ (M = Fe, Cu and Ni). 
The third project looks at developing chemoselective and heterogeneous 
catalytic systems for one-pot double cross-coupling reactions of aryl dihalides 
into synthetically useful unsymmetrically substituted arenes (Scheme 6.1). In 
this study, PdxZryCe1-x-yO2-δ is used as a catalyst to perform sequential double 
cross-coupling reactions (Heck-Suzuki, Heck-Sonogashira, Suzuki-Sonogashira or 
Heck-Heck). 

 
Scheme 6.1: Selected examples of CePdO catalysed double C-C cross-coupling reactions 
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Supplementary information for Chapter 3 

A1.1 Experimental procedure for the synthesis of PdO/CeO2  
For the synthesis of PdO/CeO2, 2 mmol of PdCl2 were dissolved in 10 mL of HCl 
(32%) in a borosilicate dish and, after all the PdCl2 had dissolved, 40 mL of 
deionized water, 3 g of CeO2 and 72 mmol CH4N2O (urea) were added. The 
suspension was stirred at 100 °C to evaporate water and form a slurry. The 
redox slurry was introduced into a furnace pre-heated at 120 °C, then the 
furnace temperature was increased gradually to 600 °C over 30 minutes and 
maintained there for 5 hours. The solid product obtained was characterized 
using various techniques and the results were compared to those of the solution 
combustion synthesized Pd0.09Ce0.91O2-δ solid-solution oxide. 
 

 
Scheme A1.1: A general illustration of the solution combustion synthesis method for preparation of 

PdxCe1-xO2-δ based solid-solution oxides. 
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A1.2 Catalyst characterization  

A1.2.1 XRD analysis  

 
Figure A1.1: XRD patterns of the as-prepared samples 

 
Table A1.1: Structural parameters of the investigated samples obtained from their XRD profiles. 

Sample a (Å) V (Å3) RF RB χ2 
CeO2 5.411(9) 158.43 1.94 3.61 1.74 

Pd0.09Ce0.91O2-δ 5.424(9) 159.57 1.58 3.12 1.92 
PdO/CeO2 5.415(3) 158.78 2.35 4.53 1.89 

 

A1.2.2 ICP-OES analysis 
 

Table A1.2: ICP-OES elemental analysis of the Pd0.09Ce0.91O2-δ sample 

 
Metal concentration 

(mg/L)a Amount (mmol) 

Ce 92.2 0.3291 

Pd 6.8 0.03217 
aMass of catalyst digested = 0.0510g 
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A1.2.3 BET, SEM-EDS and TEM analysis 
 

 
Figure A1.2: TEM images of (A) CeO2 and (B) PdO/CeO2 

 

 

 
Figure A1.3: SEM/EDX image of (A) CeO2 and (B) PdO/CeO2 
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A1.2.4 XPS analysis 

 
Figure A1.4: Core level XPS of Ce (3d) in the CeO2-δ sample. 

 

A1.2.5 Thermogravimetric analyses (TGA) and differential thermal analysis 
(DTA)  

 
Figure A1.5: TGA and DTA analysis of the investigated materials; (black) CeO2, (red) Pd0.09Ce0.91O2-δ 

and (blue) PdO/CeO2 

 

A1.2.6 Raman spectroscopy analysis 

 
Figure A1.6: Raman spectrum of PdO/CeO2 
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A1.3 Catalyst testing: Optimisation of reaction conditions 
 

Table A1.3: Solvent and base investigationsa 

Solvent Base Time/h %Yield 

Anisole 
K2CO3 6 <5 

Et3N 6 73 

Benzonitrile 
K2CO3 6 <5 

Et3N 6 96 

DMF 
K2CO3 6 93 

Et3N 6 95 

DMSO 
K2CO3 6 87 

Et3N 6 84 

Toluene 
K2CO3 6 <5 

Et3N 6 45 

Xylene 
K2CO3 6 <5 

Et3N 6 36 

aReaction conditions: 2 mmol of iodobenzene, 0.5 mol% (based on Pd) of 
Pd0.09Ce0.91O2-δ, 1.5 equiv. methyl acrylate and 2 equiv. of ‘base’ in ‘solvent’ at 130 
°C. 

 
Table A1.4: Temperature investigation 

Temperature/°C Reaction time/h % Yielda 
Room temperature 6 No reaction 

80 6 20 
130 1 95 

aReaction conditions: 2 mmol of iodobenzene, 0.5 mol% (based on Pd) of 
Pd0.09Ce0.91O2-δ, 1.5 equiv. methyl acrylate and 2 equiv. of Et3N in DMF. 
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Figure A1.7: Reaction conditions: 2 mmol of iodobenzene, ‘X’ mol% (based on Pd) of Pd0.09Ce0.91O2-δ, 

1.5 equiv. methyl acrylate and 2 equiv. of Et3N in DMF at 130 °C. 

 
Table A1.5: Ligand effect investigation 

 Reaction time/h %Yielda 

Ligand free 1 95 

Ligand = PPh3 6 No reactionb 
aReaction conditions: 2 mmol of iodobenzene, 0.3 mol% (based on Pd) of 
Pd0.09Ce0.91O2-δ, 1.5 equiv. methyl acrylate and 2 equiv. of Et3N in DMF at 130 °C. 
bWith addition of 2 equiv. of PPh3. 
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Supplementary information for Chapter 5 
 

A1.4 Catalyst characterization  
 

 
Figure A1.8: XRD patterns of the as-prepared samples 

 
 

 
Figure A1.9: SEM-EDX image of PdCuCeO 
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Figure A1.10: Light microscopy (A) SEM (B) and TEM (C) analysis of the PdCuCeO catalyst. 

 

 
Figure A1.11: TGA analysis of the PdCuCeO catalyst 
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