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1.1 General Introduction

Aromatic carbon-carbon bond coupling reactions have recently emerged as
exceedingly important methodologies for the preparation of complex organic
molecules such as pharmaceuticals and other fine chemicals. Palladium catalysts
offer the most promising systems for these transformations since they feature
tolerance towards a variety of functional groups and, thus, offer an abundance of
possibilities. Of the many commonly used coupling reactions such as Heck, Suzuki,
Sonogashira and Stille reactions, perhaps the two most important are the Heck and
Suzuki reactions (Scheme 1.1). The Heck and Suzuki couplings are fascinating
reactions from a catalysis science perspective. An enormous number of new Pd
complexes, organometallic compounds, and supported Pd catalysts for these
reactions have been reported in the last 10 years. Virtually all forms of palladium can
be used as pre-catalysts for the simpler reactions (e.g., activation of aryl iodides), yet
specifically designed catalysts are required for activation of bulky or electronically

unactivated substrates.

{j
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Scheme 1.1 Palladium catalyzed C-C coupling reactions of aryl halides.
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Additionally, in many cases, extremely small amounts of palladium (ppm or ppb
levels) are sufficient resulting in very high turnover frequencies, whereas in others,
higher pre-catalyst loadings (up to 10%) are required to obtain sufficient product
yields.

The quest for commercially viable, highly active, recoverable, and reusable palladium
catalysts for Heck and Suzuki reactions is still ongoing despite the vast number of
attempts and strategies used to date. Most of the C-C coupling reactions described in
the open as well as in the patent literature are carried out with homogeneous Pd
catalysts, either with or without organic ligands. This is mainly because
homogeneous catalysts display high activity and are better defined and understood

as compared to heterogeneous palladium catalysts.

Table 1.1 Strong and weak points of homogeneous and heterogeneous palladium catalysts.

Homogeneous Catalysts Heterogeneous Catalysts

Defined on molecular level
Strong (close to organic chemistry), Separation, recovery, recycling
points Variability (design), Activity Stability, handling

(turnover number)

o ) - Characterization (understanding on
) Sensitivity (handling, stability to .
Weak points _ _ molecular level), Preparation,
air and moisture), Separation L
Reproducibility

One critical question that has repeatedly been brought into focus in modern research
is how to minimize the catalyst cost (economics of the process) and metal
contamination of the product (strict requirement for active pharmaceutical product).
These cost and purification pressures have spurred significant research in two
distinct areas: (i) immobilization of palladium so that it can be recovered and reused
and (ii) development of highly active catalysts that are active at ppm metal

concentrations.

From an industrial point of view, palladium catalysts immobilized on solid supports
(heterogeneous catalysts) have the inherent advantage of easy separation and very
often also of better handling properties (for a short comparison sees Table 1.1).

Whereas an enormous number of reports have been published mainly focusing on
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this obvious advantage of supported catalysts in C-C coupling reactions, it is only
recently that the nature of true, catalytic palladium species has been brought into
focus. The studies of catalytic activity of the heterogenized Pd catalysts in Heck
reactions have demonstrated the existence of significant Pd-leaching and important
contribution of a soluble catalyst in the main reaction course. However, in some
cases, the nature of the true catalyst is still ambiguous. In particular for Suzuki
reactions, claims exist in the literature supporting both “soluble molecular catalysts”
as well as “truly heterogeneous”, insoluble Pd catalysts. One of the main problems
exists in the fact that in general, truly active species is only generated in situ whereas
the “initial catalyst” can just be regarded as a “precursor”. While experimentally
proven ideas of this in situ generation of catalytically active species have been
developed in homogeneous catalysis (e.g. pre-reduction of the active metal or ligand
dissociation), the situation is by far more complex in heterogeneous catalysis. In fact,
identifying the true active catalytic species is critically important for future advances in

the rational design of coupling catalysts.

In addition to above mentioned elementary knowledge about the nature of
catalytically active species, specific properties of support material (surface area,
morphology, porosity) and active centers (dispersion, metal-support interactions,
mobility on the surface, oxidation state) have to be taken into account when
heterogenized palladium catalysts are used. In principle, all these factors may have
influence on adsorption, reaction and desorption of reactants and products.
Furthermore, with respect to active metal leaching, agglomeration and redox
processes during the catalytic cycle have to be considered. A reliable estimation of
the level (and dynamics) of metal leaching is also of the utmost importance in order
to determine the economics of the process. Hence, the design of highly efficient
supported palladium catalysts for C-C bond formation reactions is, to a large extent,
dependent on the understanding of all the elementary processes involved in the

reactions.
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1.2 Suzuki Coupling Reaction

The Suzuki-Miyaura cross-coupling reaction of organoboron compounds and organic
halides or pseudohalides (Scheme 1.2) can be considered as one of the most

efficient methods for the construction of aromatic carbon-carbon bonds.

R e Tat

Scheme 1.2 Suzuki couplings of aryl halides and phenylboronic acid.

In general, the commercial availability of the starting materials, the relatively mild
reaction conditions required, the tolerance of a broad range of functionalities and the
insignificant effect of steric hindrance, makes the reaction feasible. In addition, the
ease of handling and removal of the nontoxic boron-containing by-products, as well
as the possibility of using water as a solvent or co-solvent, have widened the scope
of this reaction. Because of all these features, it has gained prominence in recent
years at an industrial level, mainly in the synthesis of pharmaceuticals and fine
chemicals. In academic laboratories, it has been largely applied as the key step in the
total synthesis of natural products and polymer synthesis. Various modifications,
however, have been recently introduced involving catalysts, substrates, reaction
media, reaction conditions, synthetic techniques, etc. in order to develop
environmentally friendly and more efficient Suzuki cross-coupling reactions. One
current limitation in the scope of the Suzuki reaction is the lower activity of aryl
chlorides. The low reactivity of chlorides is usually attributed to the strength of the C-
Cl bond (bond dissociation energies for Ph-X: Cl: 96 kcalmol™'; Br: 81 kcalmol™; I: 65
kcalmol™). In view of broad availability and decreased expense of aryl chlorides
relative to aryl bromides and iodides, it is highly desirable to develop the catalytic

systems that utilize aryl chlorides as substrates.



1. Pd Catalysts for C-C Coupling Reactions: Problems and Perspectives 6

1.2.1 Mechanism

The commonly accepted mechanism of the Suzuki-Miyaura coupling reaction
(Scheme 1.3) involves an initial oxidative addition of the aryl halide to active
palladium(0) species followed by transfer of the aryl group from the boronic acid to
the palladium(ll) centre (transmetallation). Base is required to generate quarternized
boron species in order to enhance the nucleophilicity of aryl group on boron; a pre-
requirement for transmetallation step. In aqueous alkaline solutions, the
transmetallation was proposed to proceed through the interaction of the
hydroxoboronate anion Ar’B(OH)s~ with the oxidative addition product [PdX(Ar)(L)2].

Pd(0) ar Pd(ll)}
precatalyst

pre-activation l

Artoprd Artx
‘“ ~ Pdly .

|
[ reductive // oxidative
elimination addition

!
1

|
v

; Y ; ;
Ar'=Pd-Ar® == Ar' -F‘F- Ar' -PF-:-c = Ar'-Pd-L
L X
W+ B[DH}; Ar"'B[DH}; NaoH AFBIOHE

[ transmetallation ]

Scheme 1.3 General mechanism of palladium catalyzed Suzuki coupling reactions.

An alternative mechanism involves the reaction of the arylboronic acid with the
complex [Pd(OR)(Ar)(L)] in situ formed by ligand exchange between [PdX(Ar)(L)2]
and the base RO™ (alkoxide, hydroxide or carboxylate anion). Finally, reductive
elimination leads to the biaryl product and regenerates the catalytically active

palladium(0) species (PdL>).
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In general, oxidative addition step is considered as the rate-determining step;
however, there exist some reports where transmetallation step has been regarded as

the most important step.

1.2.2 Catalytic Systems

It is obvious that the selection of a proper catalytic system is fundamental for
achieving the best efficiency in a given Suzuki reaction. However the catalyst
efficiency is not only uniquely related to its catalytic activity or selectivity, but also to
the possibility of recovery and re-utilisation of its components. At the same time, it is
also desirable in every case to minimise the generation of waste and the
environmental impact, especially for possible applications on an industrial scale.
According to these very basic principles, significant efforts have been made in recent

years to develop more simple, but efficient, catalytic systems.

In 2003, Leadbeater and Marco discovered the so called ‘transition metal-free’ Suzuki
reaction via a microwave promoted coupling methodology that did not require the
addition of a palladium catalyst. This spectacular finding was a subject of debate and
controversy for some time. Further experiments, however, provided conclusive
evidence that the reactions were palladium catalyzed after all by the action of very
low levels of palladium (about 50 ppb) contained in the commercially available
sodium carbonate used. The work represents a nice example about the activity of the

simplest form of palladium for Suzuki coupling reactions under the given conditions.

1.2.2.1 Ligand-free systems

Ligandless approach for the carbon-carbon cross-coupling reaction was pioneered
independently by Beletskaya and Jeffery and has attracted increased attention in the
recent years due to low cost. Simple Pd sources (Pd(OAc),, PdCI,, etc.) can be used
at very low palladium loadings (0.01-0.1%, commonly referred as homeopathic
palladium). Ligand-free Pd catalysts (such as Pd(OAc),) have been applied to Suzuki
coupling reactions under a variety of conditions. The collected data on ligand-free,
homeopathic palladium studies are consistent with the view that catalysis is achieved

by molecular (monomeric or dimeric), Pd(0) species that are in equilibrium with Pd(0)
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nanoparticles (Scheme 1.4). Although the ligandless Pd catalyzed Suzuki reaction
often achieves significantly fast coupling in aqueous media, complete conversion
cannot always be possible, especially for the slow reactions of electron-rich and
sterically hindered haloarenes as the active Pd(0) species tend to agglomerate

quickly under these conditions.

Pd"
\ ArBr, heat

Soluble . Pd® — Catalytic
palladium cycle
clusters \ V
Product
Pd bla :::h

Scheme 1.4 The catalytic cycle that involves active molecular Pd species in equilibrium with

soluble Pd clusters as proposed by Reetz and de Vries in 2004.

1.2.2.2 Homogeneous catalysts

Since its discovery in 1979, a multitude of homogeneous catalysts has been reported
for Suzuki coupling reactions. As a consequence, a plethora of Pd-catalyst systems
featuring a Pd-bound ligand are now accessible, some of which are capable to
activate aryl chlorides. Typically, sterically hindered and electronically rich phosphine
ligands have been often applied for these reactions. In addition, N-heterocyclic
carbenes have merged as efficient donor ligands for palladium catalyzed Suzuki
coupling reactions. The groups of Buchwald, Beller, and Herrmann, have synthesized
fascinating ligands based on nitrogen and/or phosphorus for potential applications in
Suzuki coupling reactions. Well known electronic properties of ligand-based systems
allow tuning of the catalyst properties for a variety of substrates. However, the
removal of noble metal and the ligand from product stream is still a challenging task.
Moreover, the sensitivity of ligands towards air and moisture, their tedious multistep
synthesis and the use of various additives curtail the applications of these

homogeneous systems.
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Herrmann and Beller introduced the use of palladacycles to activate aryl chlorides in
C-C coupling reactions. A variety of NC, SC and PC palladacycles pre-catalysts has
been synthesized and applied to aryl-aryl coupling reactions. The application of
palladacycles as catalysts for cross-coupling and similar reactions is reviewed by
Beletskaya. In the majority of cases, palladacycles are likely to serve as a source of
highly active but unstable Pd(0) species. In this respect, the palladacycles resemble
the so-called ligand-free catalysts. Through extensive studies on aryl chloride
activation in Suzuki coupling reactions, Bedford et al. have demonstrated that the
efficiency of the catalytic system involving palladacycles depends on the long-term
stability of reduced Pd(0) species and can be enhanced by the use of additives such

as ammonium or phosphonium salts.

1.2.2.3 Supported catalysts

Solid catalysts for C-C coupling reactions have been primarily developed as a means
to separate the reaction products from the catalyst, potentially facilitating decreased
process cost due to reduced catalyst loss and simplified product purification. It is only
rarely that highly active heterogeneous systems are accompanied by serious

mechanistic studies about the real nature of catalysis.

There is an ongoing interest in immobilizing catalysts on polymeric supports in
carbon-carbon coupling reactions. Uozumi et al. immobilized Pd(Il) complexes on

poly(ethylene glycol)-poly(styrene) graft copolymers and utilized the materials in the
Suzuki coupling of aryl iodides and bromides with arylboronic acids. Shieh and co-
workers studied the Suzuki coupling of 2-bromoanisole and phenylboronic acid using
a commercial triarylphosphine-poly(styrene) resin. The polymer was loaded with
PdCl, and the effect of the reaction conditions on catalyst leaching was studied. The
authors ascribed the activity to 14-electron Pd(PPhs), complexes attached to the
solid support. Plenio developed a soluble polymer-immobilized triarylphosphine-Pd(lIl)
material and demonstrated its use in Heck, Sonogashira and Suzuki couplings in
conjunction with a nanofiltration membrane for catalyst sequestration. Several
polymer-supported palladium/N-heterocyclic carbene complexes have been prepared

and utilized as efficient heterogeneous catalysts for Suzuki coupling reactions.
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Palladium on carbon (Pd/C) is one of the most frequently investigated catalysts for
the Suzuki reaction. Zhang has demonstrated that a mixture of EtOH/H,O with
Na,COs3 forms a very active catalytic system with 10% Pd/C (3.5 mol%). The authors
pointed out that the alcohol/H,O volumetric ratio is critical for the success of the
cross-coupling reactions, with a low water concentration resulting only in a partial
conversion. High activity of Pd/C in Suzuki reactions has been reported by Koehler et
al. Furthermore, Sajiki et al. have presented Pd/C catalyzed Suzuki couplings of aryl
and heteroaryl substrates. They proposed heterogeneous catalysis based on
inductively coupled plasma (ICP) mass-spectrometric analysis of the filtrate that
showed negligible Pd content in the filtrate at the end of the reaction. Pd-leaching in
Pd/C-catalyzed Suzuki couplings in iPrOH/H,O solvent was investigated by Chen et
al. using filtration test. Oxidative addition of aryl-bromides was declared as the main
cause for Pd-leaching, which was independent of the reaction solvent and
temperature. However, it was indicated that phenylboronic acid is another cause of
Pd-leaching. Conlon et al. have recently proposed a quasi homogeneous mechanism
for Pd/C catalyzed Suzuki coupling reactions (Scheme 1.5) whereby leached

palladium species actually participate in the catalytic cycles.

A large variety of metal oxides (MOy) has been explored as support for palladium in
Suzuki-Miyaura coupling reactions. Both reports of catalysis by leached, soluble
species and truly heterogeneous catalyst systems are abundant. Mercapto-modified
mesoporous silica has been utilized as effective support for Pd and resulting catalyst
was shown to be highly active for Suzuki-Miyaura coupling reactions. Heterogeneous
catalysis by surface-bound palladium was proposed on the basis of low levels of
leaching observed after the reaction. The group of Artok has used a Pd(ll)-
exchanged NaY zeolite for the Suzuki reaction under very mild reaction conditions.
Aryl bromides and iodides were coupled, in moderate-to-high yields, with three
different arylboronic acids in a DMF/H>O mixture for only 1 h at room temperature.
Activated aryl chlorides could also be coupled at 100 °C with modest yields. The
authors demonstrated that the reaction was heterogeneous and that it did not take
place within the zeolite. Various Pd/MOy catalysts have been demonstrated as
effective and selective catalysts in Suzuki coupling reactions by Heidenreich et al.
and a solution phase mechanism is proposed on the basis of Pd-leaching during the

reaction.
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Fd/C
Ar-Br
Vi 1
Ar-Pd-Br KX X=OH orF
. KBr
Ar'B(OH),
Pd(0) Ar-Pd-X 2
1]
KX X=0H or F
Ar-Ar .
3 v
ArBX(OH),K

KBX,(OH),

Scheme 1.5 Catalytic cycle for the Pd/C-catalyzed Suzuki-Miyaura cross-coupling.

In spite of the many reported claims of heterogeneous catalysis, it is now increasingly
accepted that supported catalysts actually act as quasi homogeneous ones in liquid
phase. The quality and reliability of the results and the related interpretations is highly

dependent on the experimental techniques chosen for this purpose.

Hot filtration test: Most of the reports claiming “true heterogeneous” catalysis provide

proofs in the form of hot filtration test whereby the reaction is stopped at low
conversions, is filtered and the reaction is allowed to continue after removal of solid
catalyst. The loss of activity in filtrate is declared as a proof of “leach proof” catalyst.
However, in other cases, it has been demonstrated that inactive filtrate does not
indicate heterogeneity as the leached species can be deposited or deactivated during

filtration.

Catalyst poisoning: Catalyst poisoning has recently emerged as useful technique to

assess true catalytic species in CC coupling reactions. However, the fact that
extremely low amounts of Pd (ppm or ppb) can catalyze the reaction limits the

practical application of the technique.
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Analysis before and after the reaction: “Quantitative” catalyst recovery (same Pd

loading) also is a way to measure the recyclability of a system. While this
methodology has real bearing on practical reuse of the catalysts, it does not provide
strong evidence for a truly heterogeneous palladium coupling catalyst when solid
catalysts are used. This is because the leached palladium species can, for the most
part, re-deposit on to the support after the reactants have been consumed, as has
earlier been demonstrated for Heck reactions. In addition, in highly active systems,
where ppt or ppb levels of Pd can efficiently catalyze the reaction, Pd loss in the

catalyst cannot be detected by rudimentary elemental analysis.

Similarly, unchanged Pd particle size distributions on the catalyst has also been
regarded as a measure of heterogeneity; however, as mentioned above, depending
on the optimized reaction conditions, the efficient re-deposition of Pd on solid surface
can leave the catalyst with minimum visible change in the particle size distributions,

as will be demonstrated latter in this chapter.

3-Phase test: Using this test, one reagent is immobilized on a solid support and the

catalyst is immobilized on a second, different solid support. The rest of the reagents
are then added to the solution. Ideally, if there is no background reaction in the
absence of catalyst, the immobilized reagent should only be converted if there is
catalyst or substrate leaching. This is a very useful test to assess homogeneous
catalysis and is sometimes used in conjunction with filtration tests. There are
subtleties involved, however. For example, it must be insured that the species
needed to induce leaching are present in the solution phase. Thus, if leaching
proceeds via oxidative addition of aryl halide to immobilized Pd(0), the aryl halide or
another free aryl halide must be present in the reaction solution. In case of Suzuki
reactions, it has been indicated that not only aryl halides but also arylboronic acid
cause Pd-leaching in solution. Investigations, related to influence of reaction
parameters on Pd-leaching, in this work provide a proof for this assumption. Thus, 3-

phase test is not a suitable test to assure the heterogeneous nature of catalysis.

Correlation of reaction rate with concentration of palladium in solution: Determination

of Pd content in the reaction mixture with simultaneous analysis for the conversion of

aryl halides is a direct and unambiguous way to show the homogeneous nature of
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catalysis for C-C coupling reactions catalyzed by supported Pd catalysts. The
technique has successfully been applied to the Heck reaction and provides powerful
evidence for Pd dissolution-re-deposition processes during the catalytic reaction.
Present investigations are therefore focused on this last rather extensive method to

assess real nature of catalysis in Suzuki coupling reactions (Section 2.2).

1.2.3 Suzuki Coupling Reactions in Water

With the increasing interest in “Green Chemistry Processing” the replacement of
expensive, toxic and flammable organic solvents by water as the preferred solvent is
highly desirable due to economical as well as safety related process engineering
reasons. Whereas most of the catalysts mentioned above have been applied in
organic solvents or in organic/H,O mixtures, an increasing number of research
groups have recently focused on the development of new catalytic systems to be
used in Suzuki coupling reactions in water as the only solvent. One approach to
increase potential of water as solvent in Suzuki reactions is to develop water soluble
Pd catalysts and ligands. Moreover, surfactant mediated micellar catalysis has been
developed recently by Lipschutz et al. Use of homogeneous Pd complexes along
with dilute aqueous solution of nonionic amphiphile allowed efficient Suzuki-Miyaura
cross-couplings of arylboronic acids with aryl halides. Ligandless Pd(OAc), catalyzed
Suzuki coupling reactions of aryl iodides and aryl triflates has been reported in water
in the presence of tetra-n-butylammonium bromide (TBAB) as additive. Bhattacharya
has also reported the use of ligandless Pd(OAc),; in Suzuki reactions mediated by
cetyltrimethylammonium bromide (CTAB) in water. Aryl bromides and aryl iodides
were coupled to give 80-95% vyield. The additives are believed to stabilize the active

palladium species in water.

Over the last few years, there has been an increasing interest to focus on new
supported catalysts for this purpose. Polymers are among the most applied supports
for palladium catalysts in water. A variety of polymeric materials, in particular
amphiphilic polymers have increasingly been brought into focus for Suzuki coupling
reactions. Lysen has reported a highly efficient catalyst system comprising Pd/C in
combination with TBAB system for couplings of aryl bromides as well as aryl

chlorides at 100-140 °C. Pd/C has also been proved to be an efficient catalyst for
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Suzuki reactions in water. Metal oxides, have rarely been exploited for such reactions
in water mainly due to difficulties associated with conversion of the non-hydrophilic

substrates.

Among a large number of reports dealing with modified or unmodified supports for Pd
catalyzed Suzuki reactions in water, the illustrations about the possible influence of
the support (surface properties, surface area etc) can hardly be found. However, an
interesting example about the Heck reaction can be considered here being more
relevant to the investigations carried out for Suzuki reactions in present work.
Williams and co-workers reported the use of reverse-phase silica in the Heck
reaction. The catalyst was prepared by treatment of derivatized silica with palladium

acetate and triphenylphosphine in cyclohexane (Scheme 1.6).

L‘I}Me 0
O-Si-CgH17 + Pd(OAc); + PPhs - C?OO
OMe OO

Scheme 1.6 Preparation of the silica supported catalyst for Heck reaction in water.

Coupling between iodobenzene and acrylic acid was carried out to give the desired
product in 90% yield and very little leaching of palladium into the bulk aqueous phase
was reported by authors. However, coupling of nonpolar substrate was only possible
in the presence of MeOH as a co-solvent. To solve this problem, surfactants were
used as carrier for the lipophilic substrates. In the presence of a surfactant, the
hydrophobic substrate forms an emulsion in water and the powdered catalytic
material is dispersed in the emulsion. Avnir and Blum termed this process emulsion-
solid transport (EST). A schematic representation of EST process is given in Scheme

1.7 as presented by Minakata and Komatsu in a recent review.
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S,
R

Scheme 1.7 lllustration of the transport, reaction, and adsorption/desorption steps of the
heterogeneously catalyzed and surfactant mediated reactions in water: S=Substrate,
P=Product, Cat=Catalyst.

As mentioned above, a deeper understanding of various processes involved in a
catalytic cycle is a key to develop highly active systems. A brief exemplary illustration
of these considerations is given in present work for Suzuki coupling reactions in

water involving different supported Pd catalysts.
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1.3 Oxidative C-C Coupling Reactions

Arenes such as benzenes, naphthalenes, phenols, and anilines are large-quantity
chemicals manufactured by chemical industries. Catalytically efficient activation of
aromatic C—H bonds leading to useful organic reactions such as new C-C bond
formation is of considerable interest for the chemical and pharmaceutical industries
and remains a long-term challenge to chemists. The strategy, commonly known as
oxidative coupling, would provide simple, clean, and economic methods for making
aryl-substituted compounds directly from simple arenes. In contrast to conventional
C-C coupling reactions (e.g., Heck and Suzuki reactions), no prefunctionalization
such as halogenation is involved (Scheme 1.8) in this case. The activation of aryl C-H
bonds is a demanding task as C-H bond strength of arenes (D°95(CeHs-H) = 464
J/mol) is higher as compared to that of C-X bond involved in the conventional C-C
coupling reactions. The catalytic systems for such a purpose have been sought for
many years, although there are many examples of stoichiometric reactions of

aromatic C—H bonds with transition metal compounds.

Oxidative homocoupling
»
W9
Br .oo\’p\\(\
Protection, ,L\)\k\
Bromination,... SV
—>

Oxidative coupling of arenes and olefins

Scheme 1.8 Atom economy of oxidative coupling

Pd(OAc), promoted oxidative coupling reaction of arenes and olefins (Heck type
reaction) via aryl C-H activation was first reported in late 1960s by Fujiwara and
Moritani. The reaction provides a convenient method for the synthesis of a wide

variety of arylated olefins. In contrast to classical Heck reaction, oxidative coupling of
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arenes does not require stoichiometric amount of base or inert reaction conditions.
Typically, activation of aryl C-H bonds by Pd(OAc), generates reactive arylpalladium
acetate that gives the cross coupled product in the presence of olefins (Scheme 1.9).
In addition, formation of acetoxybenzene (ll) is possible under these conditions and
has to be minimized in order to achieve high selectivity towards desired cross
coupled product (l). The control of selectivity in these reactions is more problematic
than in conventional coupling reactions. When substituted arenes are applied as

substrates, a mixture of products is obtained due to availability of more than one aryl

'

C-H bonds having similar reactivity.
O
@
» + Pd(0)

O/H PdOAc
+ Pd(OAc), —»
-AcOH O/ \ OAc

Phenylpalladium acetate

Scheme 1.9 Generation of phenylpalladium acetate and possible products.

Pd(ll) is reduced to Pd(0) during the reaction. For useful synthetic methods it is
important that expansive Pd compounds are not consumed in stoichiometric
amounts. Much effort has been made to find efficient reoxidation systems to
regenerate Pd(ll) in situ from Pd(0). Obviously, O, is the most environmentally
friendly; however, in the absence of a co-catalyst, it fails to achieve a complete
oxidation of palladium, as in general, the formation of inactive bulk metal is a

competing process.

1.3.1 Mechanistic Details

As mentioned in introduction, the reaction proceeds via electrophilic palladation of
the aryl C-H bond (Scheme 1.9). The concept was first presented by Fujiwara et al.
in 1969 on the basis of substituent effects of monosusbstituted benzenes. The
aromatic substitution of olefins in homogeneous solutions of palladium acetate,
aromatic compound (large excess), and acetic acid gave 10-90% yields of arylated

products along with reduced metallic palladium. Substituted benzenes preferentially
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induced ortho/para orientation with electron-donating groups and meta orientation
with electron-withdrawing groups. The order of reactivity found with benzene,
naphthalene, ferrocene, and furan were similar to that of the electrophilic aromatic
substitution. Even if the reactivity was not influenced as much as in a typical aromatic
substitution reaction, this tended to show electrophilic metalation as the first step.
The isolation, 20 years latter, of diphenyltripalladium(ll) complexes obtained by the C-
H activation reaction of benzene with palladium acetate dialkylsulfide systems
partially confirmed this hypothesis.

oxidan ;{
S
N Pd(0) ( Arr’“’“‘-...,.-'
IV Hp<lll
Pd(I1)X, R

F'l:l)(
Il
Z R
Ar-Pd-X

Scheme 1.10 Catalytic cycle for oxidative coupling of arenes and olefins in the presence of
Pd(Il) salts.

The generally accepted mechanism of oxidative coupling involves the activation of
aromatic C—H bonds through electrophilic metalation of aromatic C—H bonds by Pd(Il)
complexes to give o&-aryl-Pd complexes (Scheme 1.10, Step ). The ©&-aryl-Pd
complexes undergo cis arylpalladation to C=C bonds (Step II) followed by Pd-p-
hydride elimination (Step Ill) to give aryl alkenes and metallic palladium. For this
system, in situ regeneration of Pd(ll) from Pd(0) is the crucial step for the catalytic
cycle (Step IV) that requires an efficient oxidizing agent. The observed reactivity of
aromatics and heteroaromatics as well as the observed selectivity with
monosubstituted benzenes indicates that the reaction depends on the nucleophilic

nature of the arenes used in the catalytic system. Thus, the formation of the & -aryl-
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Pd(Il) complexes via electrophilic metalation is believed to be the rate-determining

step.

1.3.2 Catalytic Systems for Oxidative Coupling of Benzene (derivatives) with
Olefins

Although with very low yields (maximum turnover number achieved was 2), the first
catalytic protocol for arylation of alkenes was reported by Fujiwara and Moritani in
1969. Application of Cu(OAc), or AgOAc as reoxidant for Pd(0) species facilitated the
lowering of the Pd amount to 10 mol% based on the reactants. Several efforts were
made thereafter to develop the reaction. Recent investigations focus mainly on
coupling reactions of benzene or substituted benzenes with acrylic esters or their

derivatives (Table 1.2).

To date, the best results in terms of turnovers were obtained with a related system
using peroxide as hydrogen acceptor. In the presence of palladium acetate and
benzoquinone (BQ) with tert-butyl hydroperoxide (‘BuUOOH ) as the oxidant, the
oxidative coupling of benzene and ethyl (E)-cinnamate can be achieved in up to 280

turnovers.

The groups of de Vries and van Leeuwen were able to achieve high ortho-selectivity
in oxidative coupling reactions of anilides with olefins using benzoquinone as oxidant.
No other isomer was formed because of the strong ortho-directing effect of the amide
group. Prasad et al. extended the substrate scope towards halogenated acetanilides
under similar conditions. The mechanistic resemblance between benzoquinone (BQ)
and dioxygen (Oz) as oxidant have been highlighted by Stahl et al. (Scheme 1.11) for

these reactions.
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Table 1.2 Comparison of catalytic systems applied in oxidative coupling of benzene and

olefins in the presence of Pd(OAc)s.

Ref. Pd Oxidant/Co-cat. Atm. Olefin Solv. T t Yield
(mol%)  (mol%) (P, atm) (°C) (h) (%)
10 Cu(OAc), (O]} Styrene  AcOH 80 8 45

(10) (50 atm)
1 '‘BuOOH/BQ® Air EC? AcOH 90 15 81
(200/10) (1 atm)
2 BQ® Air BA" AcOH RT 16 85
(100) (1 atm)
5 BQ® Air BA®) AcOH RT 17 82
(100) (1 atm)
6.67 H4PVMo041049 0O, Acrolein  EtCOOH 90 1.5 59
(1.33) (1 atm)
1 Mn(OAc); 0, EC? CeHe 90 90 92
(4) (8 atm)
10 none O, Styrene CeHs 55 20 56
(3.4 atm)

dEthyl cinnamate; ®Butyl acrylate; ®Bezoquinone

Several approaches have been made to use molecular oxygen as reoxidant to
regenerate catalytically active Pd(ll) in the reaction mixture. Typically, a direct
reoxidation of Pd(0) is not possible under oxygen atmosphere alone; but is facilitated
in the presence of another oxidant. It is highly desirable that the amount of this
oxidizing agent is reduced to catalytic level (co-catalyst) and is regenerated by

molecular oxygen (Scheme 1.12).



1. Pd Catalysts for C-C Coupling Reactions: Problems and Perspectives 21
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Scheme 1.11 Mechanistic relationship between the oxidation of palladium(0) by molecular

oxygen and benzoquinone.

A catalytic mixture of Pd(OAc), and the molybdovanadophosphoric heteropolyacid
system as a palladium re-oxidant was employed in the reaction of benzene with
olefins bearing an electron-withdrawing group. The method was extended to the
coupling of various arenes with a-B-unsaturated esters and aldehydes. Reactions
were performed in acetic acid using catalytic amounts of Pd and heteropoly acid.
Acetylacetone was used as ligand for Pd and NaOAc was the base of choice.
[HPMoV]yeq. is oxidized to [HPMoV]ox with O, as shown in Scheme 1.12.

H,0 1/20,
[HPMoV],, [HPMoV],.
+
2 AcOH
Pd(0) Pd(OAC),

Scheme 1.12 Molybdovanadophosphoric heteropolyacid mediated regeneration of Pd(OAc).

with molecular oxygen in acetic acid.
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Jacobs et al. investigated the reaction of arenes and frans-cinnamates in presence of
1 mol% Pd(OAc), and different additives. They found Mn(OAc)s to be an effective co-
catalyst which potentiated electron transfer from Pd(0) to O2. In general, quite long
reaction times (20-165 h) had to be applied in these couplings. In absence of a co-
catalyst, the reaction reached completion too, but only after an induction period of 2.5
h (reaction time 22-24 h). Park and Hwang reported oxidative coupling of benzene
and styrene, which is less reactive than acrylic esters. Good yields were obtained by
using 10 mol% Pd(OAc), and phosphine ligands. High selectivity towards desired
product (stilbene) was achieved at low temperatures (55 °C) under oxygen pressure

(3.5 atm) after reaction time of 20 h.
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1.4 Aim of Work

Motivated by the need to develop and improve the understanding of the fundamental
processes involved in heterogeneously catalyzed C-C coupling reactions,
investigations on Suzuki coupling reactions were planned with a particular focus on
noble metal leaching and related dissolution-re-deposition phenomena. A
comprehensive survey of these investigations will be presented in Section 2. Careful
interpretations of the results led to assess the real nature of catalytic species in
heterogeneously catalyzed Suzuki coupling reactions — the crucial point for the
rational design of coupling catalysts. In addition, detailed investigations on
optimization of the reaction protocol as well as influence of reaction parameters on
Pd-leaching will be presented for Suzuki coupling reactions under mild reaction
conditions (65 °C). The results display highly efficient Suzuki coupling reactions with
the clear mechanistic evidence related to solution phase catalysis. The reaction
parameters as well as specific characteristics of the chosen catalysts influence the
elementary processes (see Section 1.1) involved in a catalytic cycle and hence are of

utmost importance to develop efficient reaction protocol.

Further investigations were focused on increasing the potential of water as the only
solvent in heterogeneously catalyzed Suzuki coupling reactions. An elaborative study
regarding influence of surface properties of the supported catalysts on Suzuki
coupling reactions in water will be presented in latter sections (Section 2.3). It will be
elucidated that interaction of the substrates with supported catalysts as well as
solubility of the educts in water can be controlled via careful selection of the reaction

parameters.

Direct oxidative C-C coupling of benzene and styrene will be discussed as a
promisi