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Preface

The commencement of the idea and concept of this book has been on my
mind (BT) for quite some time. As a graduate student, I worked in the over-
lapping area of organic chemistry and heterogeneous catalysts, and one of the
most comprehensive books that surveyed this research field was Augustine’s
Heterogeneous Catalysis for the Synthetic Chemist. Although it has been an
invaluable resource for a generation of scientists, this book has been published
a quarter of century ago (in 1996) and a new edition never came. Since then, ex-
tensive developments occurred in heterogeneous catalysis including its broad-
ening applications in synthetic and industrial chemistry. With this book, we
intended to follow the footsteps of Professor Augustine and provide a useful
resource for those who work in organic synthesis and use heterogeneous cata-
lytic methods, and also those who are synthetic chemists but new to the applica-
tion of solid catalysts in their work. The book is intended for a broad audience
including researchers working in industry and academia. It is aimed to deliver
a synthesis-oriented heterogeneous catalytic text that also takes the principles
of Green Chemistry into account. Although heterogeneous catalysis began its
contribution to the development of environmentally benign synthetic processes
well over a century ago, the formulation of the conscious Green Chemistry prin-
ciples did not occur until the mid-1990s. Thus, interestingly, the time period our
work surveys (1996-2021) witnessed the intertwist of heterogeneous catalysis
and Green Chemistry. The main goal of the work was to show an as broad as
possible snapshot of synthetic heterogeneous catalysis in the review period and
consider the surveyed protocols keeping in mind the contemporary aspects of
Green Chemistry. The book includes three distinct parts: the first part describes
the historical aspects of heterogeneous catalysis and its becoming a vital part of
green synthesis developments. It also covers the basic definitions of catalysis,
especially those that are focused not only on catalysis but also its heteroge-
neous applications. The next part gives an overview of solid catalysts, including
metal catalysts and nonmetallic alternatives, such as metal oxides, synthetic,
and natural aluminosilicates, polymer-based solid acids and bases, and several
emerging types of catalytic materials, such as nanoparticles, metal-organic
frameworks, or covalent-organic frameworks. The centerpiece of the most ex-
tensive part of the book is heterogeneous catalysis in practical synthesis. This
third part describes the relevant examples of the most common processes where
heterogeneous catalysis is applied: hydrogenation, hydrogenolysis, oxidation,

xi
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xii Preface

metathesis, cross-coupling reactions, Friedel-Crafts, and multicomponent reac-
tions just to name a few, all of them are common in organic synthesis. These
subchapters are in-depth reviews on these topics. However, we must admit that
the material available in the literature is overwhelming, thus we focused on
providing a broad picture with representative examples, rather than attempt-
ing to write comprehensive chapters on these individual methods. Each would
fill a separate book on its own. We hope that the book will serve as a primary
resource for those who are new to heterogeneous catalytic synthesis and those
who intend to branch out and discover other topics that are related to their own
research fields.

Finally, we thank our colleagues, editors at Elsevier, for contributing to this
unique endeavor: Anneka Hess who helped us through the proposal phase of
the book and Sruthi Satheesh, who handled the galley proofs. Although, we had
several editorial project managers throughout the project, we are particularly
grateful to Emily Thomson, our final Editorial Project Manager for her help in
ushering the work to completion.

Béla Torok
Christian Schafer
Anne Kokel



https://lwww.twirpx.org & http://chemistry-chemists.com

Chapter 1

Heterogeneous catalysis for
organic synthesis: Historical
background and fundamentals

1.1. Introduction and historical background

The phenomenon of catalysis itself has been around in the form of fermenta-
tion (i.e., bio-catalysis) for thousands of years. The earliest written report on a
catalytic reaction was published in 1552 by Cordus, who carried out the dehy-
dration of alcohol to ether.' The roots of modern catalysis originate from over
two hundred years ago when Elizabeth Fulhame described the concept of ca-
talysis in her 1794 essay regarding her experiments on oxidation-reduction, sug-
gesting that a small amount of water was required for the reaction to occur.”*
There were several others who later observed and reported catalytic reactions,
such as Parmentier, Kirchhoff, or Débereiner, who focused on the hydrolysis of
starch, and also described the decomposition of potassium chlorate catalyzed
by manganese dioxide.”® There have been many more who contributed to the
developments. One of the most important ones was when the term catalysis
was coined by the Swedish chemist, Berzelius, in 1835.” The significant break-
through that gave a major push to the development of heterogeneous catalysis
occurred at the end of the 19th century when Paul Sabatier carried out his ex-
periments regarding catalytic hydrogenation on Ni/kieselguhr.® This discovery,
with his other contributions, earned Sabatier the Nobel Prize in Chemistry in
1912.° In addition to developing catalytic hydrogenation, which became a new
field of organic synthesis, he also made several fundamental observations, such
as that the particle size of Pt significantly changed its activity/reaction rates, that
became a common knowledge in heterogeneous catalysis. By the early 1900
similar observations were made regarding other metals or, in general, other
catalytic substances.'” Sabatier’s experiments with metal catalysts, especially
with Ni, generated considerable interest in the field and shortly new applica-
tions, such as the development of the Raney Ni catalyst, revolutionized metal
catalysis.' "

Just like Sabatier was the pioneer of heterogeneous metal catalysis, Vladimir
Ipatieff earned the same distinction for his studies using nonmetal or solid acid
catalysts (y-alumina) in the early 1900s."" The two scientists worked in parallel

Heterogeneous Catalysis in Sustainable Synthesis. https://doi.org/10.1016/B978-0-12-817825-6.00014-8
Copyright © 2022 Elsevier Inc. All rights reserved. 1
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and spearheaded the development of the two main directions of heterogeneous
catalysis independently. Among Ipatieff’s many contributions, he studied the
dehydration of alcohols to alkenes (e.g., ethanol to ethylene), butadiene syn-
thesis, development of catalysts for hydrogenation, the discovery of oligo-
merization, paraffin alkylation, and acid-catalyzed aromatic alkylation. To be
successful he had to develop a special technique using high pressure in steel
autoclaves, a major tool that he introduced to heterogeneous catalysis. Unlike
Sabatier, Ipatieff’s focus was more on commercial applications. As a milestone
in his achievements he has developed the process that produced high octane
(about 100 octane number) gasoline that was used by the British Air Force dur-
ing WWII and aided them to succeed in the aerial battle over Great Britain."” °
Following Ipatieft’s introduction of y-alumina as a catalyst, the field underwent
an explosion-like development, new acidic solids were developed and applied
as heterogeneous acid catalysts.

The earlier mentioned practical developments also initiated extensive re-
search at the mechanistic side of catalysis, particularly in finding explanations
for the observed phenomena. Early efforts by Duclaux, Moissan, or Ostwald'’
were followed by other researchers, many of whom focused on heterogeneous
catalysis and the surface phenomena occurring on catalysts. Starting with the
measurement of solid surfaces, such as the Brunauer-Emmett-Teller (BET) sur-
face area,'® several explanations were reported to elucidate surface phenomena,
including the Langmuir-Hinshelwood,'” * Eley-Rideal,”' or Horiuti-Polanyi
mechanisms.”? Later, in the 1960s, these investigations led to the development
of a new field, commonly referred to as surface science,” pioneered by Ertl**
and Somorjai.”” Since then, heterogeneous catalysis research became a wide-
spread field within the overlapping areas of chemistry, chemical engineering,
and surface science. Contemporary developments added material science to this
company, as many new materials, such as carbon nanostructures (nanotubes,
graphene, graphene oxide, etc.), metal-organic frameworks, covalent organic
frameworks, synthetic zeolites, or clays, that hold significant promise in catalyst
development have been prepared. The history and development of catalysis, in-
cluding heterogeneous catalysis, has attracted the attention of many educators,
science historians, and active researchers as well, and have been extensively
reviewed.”*' The reader is advised to consult with these accounts for more
details.

Catalytic processes are major contributors to the green chemistry move-
ment, including sustainable synthesis, renewable fuel production, or environ-
mental protection, e.g., automotive applications. Catalytic processes can replace
the use of nonrenewable, low atom economy reagents, significantly decreasing
the environmental impact of the production of pharmaceuticals or fine chemi-
cals. Catalysis also contributes to the fulfillment of several principles of green
chemistry and green engineering.’” **

Based on the importance of these methods, they have been frequently re-
viewed. There are many seminal books® ™’ and major accounts*' ™ that time



https://lwww.twirpx.org & http://chemistry-chemists.com

Heterogeneous catalysis for organic synthesis Chapter | 1 3

to time provided extensive background regarding these processes. One of these
books, Augustine’s Heterogeneous Catalysis for the Synthetic Chemist,™ was
focused on the application side of heterogeneous catalysis, with particular at-
tention to processes that are related to organic synthesis. Although it is an excel-
lent summary of the progress until its publication in 1996 it has been published
25 years ago and several processes, such as metathesis or cross-coupling reac-
tions, are not covered in it. Our goal in this book was to give an up-to-date de-
scription about heterogeneous catalytic processes used for the synthesis of fine
chemicals and pharmaceuticals, and provide representative illustrations of the
contemporary advances made in the application of these methods in environ-
mentally benign and sustainable synthesis.

The following parts of this chapter describe the fundamentals of catalysis
with several terms and definitions that are necessary to understand the forth-
coming chapters.

1.2. Catalysis

Catalysis, whether in its homogeneous or heterogeneous form, has been a major
contributor to green chemistry in general, and to sustainable synthesis in partic-
ular. Catalytic processes make the traditional nonrenewable, low atom economy,
wasteful protocols obsolete and provide green alternatives to often century-old
protocols. The use of catalysis supports the fulfillment of the generic Green
Chemistry principles in more than one way; it contributes to several points as
listed here with the condensed descriptions: 1 (prevent waste), 2 (maximize
atom economy), 5 (limit auxiliary substances), 6 (energy efficiency), 8 (reduce
derivatives), 9 (catalysis), and 12 (safer chemistry) from the twelve points of
Green Chemistry.”” ** In addition to Green Chemistry principles, heterogeneous
catalysis contributes to the improvement of the engineering aspects of chemical
processes as well, according to similar principles of Green Engineering. For
example, principles 2 (waste prevention), 3 (design for separation), 4 (maximize
efficiency), 8 (minimize excess), and 10 (integrate material and energy flows)
are all improved by the application of heterogeneous catalysis.* In order to pro-
vide a clear introduction for those who are unfamiliar with the terms of cataly-
sis, particularly those of heterogeneous catalysis, in the following subchapters
we describe the basic definitions and fundamentals of this field.

1.2.1 Fundamentals and basic definitions

1.2.1.1 Catalyst and catalytic cycle

A catalyst is a compound or material that enables a chemical process to occur,
without being changed by the end of the process. It must be a natural or syn-
thetic substance; light, heat, or other forms of energy (e.g., microwave irradia-
tion, ultrasounds, etc.), cannot be considered catalysts. After the first reaction
is completed, the catalyst returns to the beginning of the process and initiates
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product
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FIG. 1 A generic scheme of a catalytic cycle with the elementary steps.

a new reaction. These reactions are called catalytic cycles (Fig. 1). It must be
noted, however, that this is the ideal picture. Many catalysts eventually undergo
an irreversible change due to unintended and undesirable phenomena. These
could be due to the reaction conditions, heat, active component leaching out of
a reactor, and many others.

The major role of a catalyst is to alter the original noncatalytic reaction
pathway into a series of lower energy demanding processes, called elementary
steps. While doing this, by changing the reaction mechanism, the catalyst often
increases the rate of the reactions as well. The elementary steps and their com-
bination to a catalytic cycle are illustrated in Fig. 1.

Catalysts come in many different forms, some are single atoms or small
compounds such as acids or bases,*® some are larger such as metal complexes*”
%% or even supramolecular assemblies including enzymes or metal-organic
frameworks,SI’53 others are elements in different forms.>* Catalytic materials
are commonly distinguished based on their solubility, whether they are soluble
in the reaction medium (homogeneous catalysis) or they are largely insoluble
solids (heterogeneous catalysts). In this book we will focus on the application
of heterogeneous catalysis, thus the emphasis in this chapter will be on the solid
catalytic materials.

46,47

1.2.1.2 Activation energy

In the course of a chemical reaction, chemical bonds are cleaved and new bonds
made. As all chemical bonds possess an energy content to keep the atoms to-
gether, that energy needs to be provided to cleave a bond and initiate a reaction.
The energy that is required to initiate a reaction is called the activation energy
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FIG. 2 Illustration of the energy profile of a hypothetical catalytic and noncatalytic reaction.

(EA). Typically, the activation energy of a noncatalytic reaction is significantly
higher than that of a catalytic reaction. The catalyst alters the reaction mecha-
nism to separate elementary steps that require significantly lower activation en-
ergy as illustrated in Fig. 2.

In addition to explaining the major role a catalyst plays in a chemical pro-
cess, Fig. 2 also points out that the application of a catalyst does not modify the
basic thermodynamic features of the process. The overall energy of the sub-
strates and the final products will not be altered by the presence of a catalyst,
thus catalysis is a kinetic phenomenon. Typical catalysts increase the rate by
three orders of magnitude; biocatalysts, however, are able to produce 10% times
rate increase. The kinetic nature of the catalytic action also means that if a pro-
cess is an equilibrium reaction the use of a catalyst allows to achieve the equi-
librium faster, but the equilibrium constant remains the same.

1.2.1.3 Other definitions

In addition to the earlier mentioned basic definitions, there are several other
important terms that describe the efficiency and selectivity of catalysts.

Reaction rate. The reaction rate in the case of catalytic reactions is often
described by the turnover frequency (TOF). When a catalyst is contributing to a
reaction it is released after one catalytic cycle and returns to initiate another one.
When the number of catalytic cycles are normalized for one catalytic unit, such
as an active site or an active metal complex, the number of cycles run is called
turnover number (number of reactions/active center). When the number of turn-
overs is also normalized for a time unit (TON/time = TOF) one can characterize
the rate of the reaction.
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Lifetime. As mentioned already, ideally the catalyst should remain unaltered
after a catalytic cycle; however, in real-life experiments catalytic substances
undergo changes that include deactivation. Some of the changes are chemical
(reduction, oxidation, functionalization, etc.) while others are physical (particle
size increase or decrease); nonetheless, they will result in undesirable changes
in activity and/or selectivity. The factor of how long a catalyst can function
without major changes in its performance is the catalyst’s lifetime. This is often
expressed by the turnover number (TON) up to the point when the performance
starts declining.

Catalyst poisons. The specific features of a catalyst can be fundamentally
and negatively altered by certain changes the catalyst undergoes during a reac-
tion. When these changes are caused by chemical agents then we talk about
catalyst poisoning and the agent is a catalyst poison. These compounds not only
bind very strongly, often irreversibly, to the catalyst, but they also bind to the
active center that will become partially or completely inactive. The strong ad-
sorption means that a minute amount of these compounds can alter the activity
significantly, which highlights the need for high purity starting materials and
solvents. For example, organosulfur compounds deactivate most noble metal
catalysts, thus all sulfur-containing impurities must be removed from the start-
ing material. This is a common problem not only in heterogeneous catalytic
synthesis but also in the automotive industry as well, as most reactants and fuels
of petrochemical origin could contain sulfur. Catalyst poisoning can be acciden-
tal, natural, or intentional. In the first case, the poison enters the catalytic system
accidentally, for example from the atmosphere or via a contaminated solvent
and shuts it down. This is often the case with sulfur- or nitrogen-containing
compounds. In the second case, the catalyst poison is gradually deposited or
building up on the surface of the catalyst throughout the reaction, such as the
formation of surface carbonaceous deposits, that is typical for solid catalysts,
for example supported metals or zeolites.” The third case is when the catalyst
is intentionally and partially poisoned as a part of the design process, in order
to modify its activity and/or selectivity. By the selective poisoning of a catalyst,
its activity and selectivity can be fine-tuned and undesirable side or successive
reactions can be blocked, and in parallel, the yield of the target product can be
improved. A typical example is the Lindlar catalyst (Pd/CaCOj is partially poi-
soned with Pb(OAc), and quinoline) that can selectively hydrogenate alkynes
to alkenes (Fig. 3).%

Lindlar catalyst

H, Lindlar
5% Pd/CaCOs ? catalyst R! R?

+ X R-C=C-R? ——— =/
Pd(OAc), and _
N

quinoline

FIG. 3 The Lindlar catalyst and its use for the partial hydrogenation of alkynes to alkenes.
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Chemical promoters. Additives can also play the opposite role and signifi-
cantly improve the activity and/or selectivity of an otherwise imperfect catalytic
material. These additives are called promoters. Chemical promoters enhance the
activity and selectivity of catalysts by altering the electron density/distribution
on the surface of the catalyst. The typical example of chemical promoters is mo-
lybdenum that is used in improving the catalyst of ammonia synthesis. In this
process the main catalyst is iron and a small amount of molybdenum is used as
a chemical promoter.”” Another example is the methanol synthesis from syngas
where the most common catalyst is Cu-ZnO that is made better by chromium
oxide (Cr,03) as a promoter.58 Other materials are used as structural promoters
as they improve formulation, general mechanical properties, and stability of
catalysts.” Structural promoters can prevent sintering (the formation of large
particles that would decrease the active surface of the catalyst) and maintain the
particle size of the catalysts.*’

Catalyst reuse, regeneration, and recycling. Although catalyst deactivation,
whether by poisoning or other physical changes, is an undesirable phenomenon,
it is part of the laboratory and industrial practice. Due to the often expensive na-
ture of catalysts, the process chemistry protocols for batch systems commonly
attempt to reuse the catalyst after one batch is completed.®’ Sometimes cata-
lysts can be reused in several cycles without meaningful drop in their perfor-
mance; however, in many other cases, significant deactivation is observed even
after one run. When that occurs, the potential regeneration of the catalyst is
investigated. Reactivation is commonly carried out by periodical physical (heat,
surface cleaning by ultrasounds, etc.) or chemical (oxidation, reduction, etc.)
treatment to restore the original activity.”> However, despite all efforts, at some
point catalysts reach the end of their lifetime. Due to the often expensive rare
metals used as catalysts the so-called spent catalysts are also recycled, which,
in this context, means that the spent catalysts are collected and returned to in-
dustrial recycling facilities, where using a variety of methods the noble metals
can be separated from the support material and recycled back to their bulk metal
form, which then can reenter the catalyst production pipeline. The catalyst end-
of-lifetime recycling is particularly desirable, it is economic, and also envi-
ronmentally conscious, as it spares the waste deposition facilities/landfills and
ultimately the water supply (through ground water) from the toxic heavy metal
contamination.”” * These processes are extended beyond the catalysts used in
the chemical industry to automotive catalysts as well. This is a particularly im-
portant issue due to the large volume of automotive exhaust catalysts used.”

Selectivity. Describes the catalyst’s ability to carry out a chemical process
to produce the major expected product in high excess compared to all other by-
products. Selectivity is a general term that includes several specific subcatego-
ries (Fig. 4). An earlier book by Davis and Suib provided a detailed discussion
of this issue, here we only discuss the most common terms.®°

Having a substrate that includes more than one functional group the com-
pound could undergo parallel and or subsequent reactions. Chemoselectivity
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FIG. 4 Representative examples for different forms of selectivity.

describes how well the catalyst can facilitate the exclusive transformation of
only one functional group while all others remain untouched. When the out-
come of the reaction results in the formation of at least two different constitu-
tional isomers we talk about regioselectivity. There are different examples for
this subcategory. For example, in a typical catalytic bromination of substituted
benzene derivatives with activating substituents, the ortho- (or 2-) and para-
(or 4-) brominated products can form. In another example, the reaction could
occur on the same functional groups in a compound, e.g., the hydrogenation of
either of the C=C double bonds in dienes in different positions. In the case of
asymmetric catalysis the reaction produces chiral compounds; enantioselectiv-
ity will describe the ratio of the two enantiomers with descriptive factors such as
enantiomeric excess (ee) or enantiomeric ratio (er). If a reaction is carried out on
a prochiral functional group in a starting material that already possesses a chiral
center, the products are called diastereomers and their ratio is described by the
diastereoselectivity. Although some catalysts exhibit high activity and selectiv-
ity at the same time, high activity catalysts often do not discriminate between
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different functional groups or the location of the same functional group, hence
they will exhibit low selectivity. Along the same line, low activity catalysts can
often distinguish between reacting groups based on minor differences and will
show high selectivity. Thus activity and selectivity are generally in an inverse
relationship.

Type of catalysis. Catalytic processes are characterized based on the phase
of the catalyst in the reaction medium, mostly on their solubility in the sol-
vents. Traditionally, they are placed into three main groups, which are homo-
geneous, heterogeneous, and phase transfer catalysts. The distinction between
homogeneous and heterogeneous catalysis is obvious; if the catalyst is soluble,
then homogeneous, if not, heterogeneous is the case. Phase transfer catalysis is
somewhere in between and is neither of the earlier two; the catalyst’s function
is to ensure mass transport through the phase boundary of the two solvents in
the system.

Catalysts. Catalytic materials include a broad range of materials from simple
mineral acids, and soluble metal complexes, bulk or supported metals, metal ox-
ides, natural or synthetic aluminosilicates to highly organized synthetic materi-
als such as metal-organic frameworks or biocatalysts. Here, we will not discuss
catalysts further as Chapter 2 is dedicated to the description of catalysts, with
exclusive highlight on heterogeneous catalysts, given the focus of this book.

1.2.2 Heterogeneous catalysis

By definition, in a heterogeneous catalytic process, the catalyst and the reaction
mixture are present in different phases. The most common example, especially
for laboratory applications, is when the catalyst is solid and the reaction mixture
is in a solvent (solid/liquid (S/L) reactions). Although these systems are popular
in industrial applications as well, the solid/gas (S/G) reactions are perhaps even
more prevalent in industry, especially in large-scale operations such as those in
the petrochemical industry (e.g., isomerization, cracking) or the oxidation of
sulfur to SO; during the production of sulfuric acid. There are special applica-
tions, both at laboratory and industrial scales, when all three phases, solid-liquid
and gas (S/L/G), are involved in a reaction. Examples include the widely used
hydrogenation or hydroformylation reactions.

Heterogeneous catalytic processes possess several advantages. One of the
most commonly mentioned benefit is that the catalysts are solid and can easily
be separated from the reaction medium, whether it is a liquid or gas. This aids
in the removal of the catalyst from the product and facilitates easy recovery and
reactivation if needed, promoting catalyst recycling and thus could decrease the
environmental impact and improve the sustainability of a process. Solid cata-
lysts are commonly not moisture or oxygen sensitive, and thus have longer shelf
life and stability than the sensitive metal complexes.

However, heterogeneous catalysts also have their own drawbacks. While
in homogeneous catalysis every dissolved catalytic species is considered an
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active center, regarding solid catalysts, a considerable part of the material is
buried under the surface where the reactions occur. This phenomenon decreases
the number of available active centers, which decreases the activity (per unit
weight). Another common issue is the mass-transport limitation, which refers
to the necessity of the substrates and reacting partners to be transferred to the
surface of the catalyst for the reaction to occur. This phenomenon is particu-
larly of concern when three-phase systems, such as hydrogenations, are applied.
Another serious issue is the use of special preparation techniques, particularly
for industrial catalysts. Although every step of a catalyst’s preparation has its
own importance, the process is often considered an art form. Since the prepara-
tion conditions have strong influence on the characteristics and thus the perfor-
mance of the catalyst, minor alterations in the synthetic process could result in
notable changes in performance.

1.2.2.1 Catalytic surfaces

As in heterogeneous catalysis all reactions occur on the surface of the cata-
lyst, whether it is the outer surface or the internal surface of porous materials;
the surfaces possess a role of primary importance in this field. The chemical
and physical nature of the surface will essentially determine the mechanism
of surface interactions and ultimately lead to the product formation. Studying
reactant-surface interactions is an important field that attracted significant at-
tention over the past several decades even before the establishment of surface
science as a specific area of research.

1.2.2.2 Physical and chemical adsorption

Independently of the catalyst itself, the interaction of the catalyst’s surface
with the substrate(s) is of utmost importance in heterogeneous catalysis. A sub-
strate must interact with the surface to initiate any transformation. Adsorption
is the process through which the catalysts form a surface complex with the
substrate(s), which is the first step of every heterogeneous catalytic process.
Once the surface reaction is complete, the product undergoes desorption.”” In an
effective process, the adsorption capability of the substrate is much greater than
that of the product, thus ensuring that once the reaction is complete the substrate
can replace the product on the catalyst’s surface. Any compound that is to par-
ticipate in such a process must be able to adsorb on the surface. The process of
adsorption can occur by physisorption when simple, and usually weak physical
bonds develop between the surface and the compound. Such weak interactions
occur between, e.g., nonpolar compound and surfaces, such as the nitrogen ad-
sorption on surfaces that enable the determination of the physical surface area
of a catalyst, commonly known as the BET surface (vide supra).'® Different and
much stronger interaction drives chemisorption, when the substrate-surface in-
teraction is due to chemical forces, such as acid-base, nucleophilic-electrophilic
interactions that are commonly based on the electronic processes. For example,
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many hydrogenation processes begin with the adsorption of a C=X double
bond where the electron-rich double bonds make contact with the partially elec-
tron deficient metal surface. While the adsorption of the substrate(s) must oc-
cur through an interaction of considerable strength, it must remain a reversible
process. If the adsorption is irreversible then the compounds would stay on the
catalyst’s surface for indefinite time, blocking the sites from further substrate
molecules, thus deactivating the catalysts. Essentially, irreversible adsorption is
a characteristic of catalyst poisons.

1.2.2.3 The active site of solid catalysts

The concept of the active sites of catalysts was put forth by Taylor in the
1920s.° Essentially the active site is a group of atoms that catalyzes a reac-
tion. Taylor suggested that these active sites are in a relatively small number
compared to the number of the atoms in the bulk of the catalysts.”” Modern
surface science measurements confirmed Taylor’s original hypothesis, namely
that a catalyst is a largely inactive surface with comparatively few active spots.””
It is also known that these active sites come in many different shapes, such as
single or multiatom sites, surface clusters, kinks, terraces, steps, and most of
these come with additional defects when commonly one or more atoms are
vacant.”' The active sites should have appropriate adsorptive capability and sub-
strate adsorption would follow the Sabatier principle; the substrate needs to
be able to adsorb and desorb as the product from the active site. In addition to
the adsorption strength, later it has been suggested that active sites can cata-
lyze structure-sensitive (otherwise called demanding) and structure-insensitive
(facile) reactions.’” Structure-sensitive reactions are dependent on the geometry
and/or crystallographic orientation of the active site, while structure-insensitive
reactions occur independently of the shape/form of the active site. This initiated
broad-ranging studies in heterogeneous metal catalysis when different metal
single crystals and atomically precise nanoclusters are applied to mimic dif-
ferent active sites.”>” Later, mechanistic investigations for reactions carried
out on supported metal catalysts used single crystal studies for comparative
analyses.

The active site has a somewhat different nature in solid acid-base catalysts,
such as metal oxides, zeolites, or clays. Instead of focusing on special geometric
formations on the surface of the metal, here the active site is commonly identi-
fied as a Brgnsted or Lewis acid or base site.”*7°

1.2.24 Anchoring effects

There are a broad range of examples when one component of a commonly bi-
functional catalyst serves as a specific anchoring moiety for the substrate and
through that interaction ensures that the other component of the catalyst can
execute the actual reaction. The anchoring can occur through a variety of inter-
actions, such as acid-base, hydrogen bonding, or simple van der Waals forces.
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FIG. 5 Anchoring effect of the Lewis acid centers of K-10 montmorillonite that ensures the che-
moselective adsorption of the carbonyl group of cinnamaldehyde and the selective formation of
cinnamy] alcohol (>99% selectivity) in the hydrogenation.

One of the most common examples is the chemoselective hydrogenation of o, -
unsaturated carbonyl compounds, which is a process of practical importance in
the fragrance industry.*” The hydrogenation of these substrates on generic metal
catalysts commonly occurs on the C=C bond before the C=0 bond would
undergo reduction. Using a special support with reasonably strong Lewis acid
centers would selectively anchor the more electron-rich carbonyl group and en-
sure that the hydrogenation of this group would proceed selectively (up to 99%)
leaving the C=C bond intact (Fig. 5)."'

1.2.2.5 Experimental variables

As mentioned before, heterogeneous catalytic transformations occur in a lig-
uid or gaseous reaction mixture while the catalyst is a solid material. In most
processes of synthetic importance, the reaction medium is a liquid, thus here
we focus on liquid-phase reactions. Therefore the role of the solvents in these
reactions is of utmost relevance. The solvent could possess several roles in a
heterogeneous catalytic reaction. Its primary role is to dissolve the substrate
and ensure that the substrate can be transported to the surface of the catalyst
where the reaction would occur. If the reaction is a three-phase system (e.g.,
hydrogenation with a solid catalyst/liquid solvent/gaseous hydrogen) then the
solvent should be able to dissolve the gas as well, although with proper agitation
the metal particles can adsorb the hydrogen at the liquid/gas phase border as
well. The solvent does not have to dissolve the substrate completely, a reason-
able solubility can guarantee an efficient process. However, it is expected that
the product is soluble in the solvent, otherwise the product will remain on the
surface of the catalyst after a complete cycle and will block the active centers.
In addition to dissolving the substrate(s), the solvent could have other important
contributions to the success of a catalytic reaction. For example, it can act as
an agent that modifies one of the reaction participants. For example, in the Pt-
catalyzed cinchona alkaloid-modified heterogeneous catalytic hydrogenations
of a-ketoesters, acetic acid was found to be the best solvent. The broadly ac-
cepted explanation is that the acid protonates the basic quinuclidine nitrogen
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of the alkaloid and enables it to form a complex with the carbonyl group of
the ketoester."” The solvent itself can also serve to trap an intermediate or a
product to inhibit successive reactions that may decrease the yield or selectivity.
Although these examples indicate that the solvent may participate in the reac-
tion, it should not strongly adsorb on the catalyst’s surface, otherwise, due to its
large excess it could block the adsorption of the substrate(s).

The application of nontraditional activation methods, particularly
microwave-assisted organic synthesis, enabled the preparation of a broad variety
of compounds under solvent-free conditions. The specific microwave absorbing
ability of the support K-10 montmorillonite and similar catalysts ensured ef-
fective internal heating of the system and a simple protocol provided several
N-heterocyclic compounds, such as pyrroles,™ ™ quinolines,** *’ pyrazoles,*
B-carbolines,”"” ** benzodiazepines,” ** and multicyclic products” in high
yields, and in short (few minutes) reaction times.

The physical and chemical properties of the catalyst are also important ex-
perimental variables. The support (if supported catalyst), the particle size, and
the pore volume/size/diameter are all vital in the design of a successful protocol.
The catalysts are discussed in detail later in the book, and the reader is referred
to Chapter 2 regarding more information.

Many catalytic reactions are carried out in a system that includes at least
one gas. In these reactions the pressure of the system often plays a crucial role
in determining reaction rates, yields, and selectivities.”® Many of these reac-
tions are carried out under high-pressure conditions, while others work better
in low-pressure environment. The role of the pressure is often determined by
a competition regarding adsorption on the catalyst’s surface. For example, in
many hydrogenation reactions the substrate has an equal or lower adsorption
capability than the reactant hydrogen; in such cases too high hydrogen pres-
sure would sweep the reactant off the surface and the effect of the pressure on
the conversion/yield is described by a maximum curve (Langmuir-Hinshelwood
mechanism).”” The effect of the pressure is also dependent on the type of reac-
tion that occurs. Hydrogenation reactions prefer higher pressures, while dehy-
drogenation (or reactions that result in the loss of a gaseous product) rather
proceed well at lower pressures. As a special case, some reactions are carried
out in solvents that are gases at room temperature (e.g., ethane or CO,), but
would turn to supercritical fluids under certain conditions. In these reactions an
appropriate pressure and temperature should be applied to maintain the super-
critical state of the medium. Heterogeneous catalysis in supercritical fluids at-
tracted significant attention and have been extensively reviewed,”® ' including
applications regarding biobased technologies, such as biodiesel production.'"

Nearly every chemical reaction, heterogeneous catalytic ones included, re-
quires activation at some level. The activation energy for a reaction is commonly
provided by increasing the femperature, which has a profound effect on the rate
of reactions, heterogeneous catalytic ones included. The traditional convective
heating is often ineffective and slow, and due to the uneven heating profile the
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temperature gradient within a system could result in undesirable side reactions.
A recent book provides an overview on nontraditional activation methods, in-
cluding microwave and ultrasound irradiation; photo-, electro-, and mechano-
chemistry; and high hydrostatic pressure.'’” In addition, several reviews also
summarize specific areas of this field related to heterogeneous catalysis, such
as microwave-assisted organic synthesis,”” '** ' sonochemistry,'”'"" pho-
tochemistry,'”® """ electrochemistry,""'""® mechanochemistry,"'*''® and high
hydrostatic pressure.''’'"? Although the efficacy of these methods has been
broadly illustrated, one must not forget that not all of them work through gen-
erating internal heating and thus elevated temperatures. Ultrasounds, photo and
electrochemistry, and high hydrostatic pressure initiate reactions by different
mechanisms. The earlier referenced book and reviews provide detailed descrip-
tion of the mode of action of these activation methods.

1.2.2.6 Catalytic reactors

Heterogeneous catalytic reactions are generally carried out in two different re-
actor systems: batch reactors and flow reactors.'”” Depending on the actual pro-
cess both systems possess their own benefits as well as disadvantages.

Batch reactors are highly popular in laboratory-level syntheses, and certain
industrial processes, such as many catalytic hydrogenations, are carried out in a
batch reactor.'”' These reactors are finite volume systems that can be operated in
an open or closed format. Depending on their use the reactors are made of a va-
riety of materials, such as glass (mostly laboratory applications), stainless steel,
with or without a Teflon liner, or monel (for high acidity reaction mixtures) just
to name a few. When the reactor is applied in a closed format, the user may have
the opportunity to operate under pressurized conditions, in which case the pres-
sure can vary from 1 bar to several hundred bars.'** '** Most of the pressurized
systems are applied for reactions when at least one component is a gas, such as
hydrogenation or hydroformylation. Low-pressure (e.g., atmospheric) systems
can be connected to a gas burette, and the user would be able to measure the
consumed gaseous reactant, e.g., hydrogen, and thus these systems are quite
useful for mechanistic and kinetic studies. These systems can also be applied in
the reverse process; when a reaction releases a gas as product, the gas burette
can measure the produced gas amount. High-pressure reactors are connected to
gas tanks that supply the gases.

In all batch reactors agitation is a crucial issue. Many heterogeneous cata-
Iytic applications qualify as three-phase systems, with the catalyst being solid
in a solvent with an additional gas. Only effective agitation can ensure that the
mass transport limitations are properly addressed. Laboratory size systems can
efficiently work with an internal magnetic spin bar, and an external magnetic
stirrer, that can also serve as an external heating unit. The larger pilot plant
or indusgial units are stirred with external motor-operated turbines of various
designs.
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Major advantages include the relatively simple design and handling; how-
ever, the separation and the potential recycling of the catalyst may present chal-
lenges. In addition, the potentially uneven heat profile of the reactor may cause
overheating at the heating elements (usually the wall) and could result in unde-
sired by-product formation.

The flow reactors represent the other major type.'>' Many catalytic reactions
can be carried out in a continuous process by the application of flow reactors.
Although the chemical industry used flow systems for a long time, especially
for large-scale processes, now, laboratory-scale flow chemistry became highly
popular.'** In general, a flow reactor is based on a pump or set of pumps that
will move the reactant mixture through a fixed or fluid bed reactor that is de-
signed to block the catalyst’s way out so it stays in place and at the end the prod-
uct mixture is amassed in a collector. Flow systems can operate in several ways
using liquid or gaseous mobile phase. In special applications (e.g., hydrogena-
tion) the substrate is carried by a liquid mobile phase and the reactant hydrogen
is added via a special valve system, thus even three-phase reactions can be ap-
plied. Several older and current designs are described in the literature.'*> '%°

Flow systems have several major advantages. One of the most important
ones is that these reactors allow continuous production of chemicals.'”” In ad-
dition, the well-defined catalytic bed makes catalyst recycling and recovery
relatively simple. For the modern laboratory-scale flow reactors the catalyst is
supplied in the form of cartridges that can be easily replaced and moved to re-
generation. The main disadvantage is that the potentially short residence time
the reactants spend in the reactor may result in lower than expected conversion.

1.3. Conclusions and outlook

This introductory chapter summarized the brief history of catalysis and also
described the most important characteristics of catalytic reactions, primarily fo-
cusing on heterogeneous catalysis, which is the main focus of this book. Many
different terms and phenomena have been described with the goal of providing
a short introduction to nonexperts into the realm of heterogeneous catalysis and
make the terminology used in the upcoming chapters clear.
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Chapter 2

Solid catalysts for
environmentally benign
synthesis

2.1. Introduction

By the definition of heterogeneous catalysis, the catalyst has to be in a differ-
ent phase than the reactants. Since most reactions occur either in the gas or the
liquid phase, this practically means that the catalysts must be solid materials.
Solid catalysts played an important role in the implementation of major recom-
mendations of Green Chemistry' for the sustainable production of pharmaceu-
ticals and fine chemicals by replacing the outdated procedures and catalysts
with more contemporary environmentally benign alternatives.” * The applica-
tion possibilities include synthesis design,” biomass conversion,” ® water and
supercritical CO,-based synthesis,” ® biocatalysis,” '’ and the development of
new green metrics.'' The continued development of heterogeneous catalysis
involves the preparation and application of solid catalysts.'> As mentioned in
Chapter 1, solid catalysts are favored in large-scale, continuous flow-based in-
dustrial processes.'” ' Since the beginning of the field of heterogeneous cataly-
sis more than a century ago, the development of new solid catalysts and their
application for the synthesis of large-scale chemicals, fine chemicals, and phar-
maceuticals have always been a leading area of research.'’ ' Solid catalysts are
commonly placed into two major categories: metal catalysts where the metal
usually occurs in a zero valence (elemental) form and nonmetallic catalysts that
either do not possess any metal component or the metal is in an oxidized form
such as metal oxides, salts, or complex metal compounds and minerals (zeolites,
clays, etc.). The classification of solid catalysts is summarized in Fig. 1.

The design and preparation of catalysts have a long history and accordingly,
extensive literature covers this field. Several periodic or stand-alone mono-
graphs describe the progress in this area.”” >

2.2. Metal catalysts

Although the name metal catalyst may suggest a broader implication, when dis-
cussing these catalysts one commonly refers to transition metals. These metals

Heterogeneous Catalysis in Sustainable Synthesis. https://doi.org/10.1016/B978-0-12-817825-6.00013-6
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[Heterogeneous Catalysis - Solid Catalysts]

Unsupported

[ Metal:
Metal Catalysts |[— oS

"Blacks" (fine metal powders e.g. Pt-black Pd-black, Rh-black)
Skeletal Catalysts (Raney-type catalyst, e.g. Raney Ni)

Noble Metal Oxides or Hydroxides (e.g. PtO,-Adam's platinum,
Pd(OH),-Pearlman's catalyst)
Amorphous Alloys (non-crystalline metal alloys, e.g. Ni,B, Ni,P, or
metallic glasses e.g. CuZr)
— Supported Metals (largest group, often commercially available e.g. Pt/Al,03
Pd/C etc.
Heterogenized Metal
Complexes (e.g. resin-bound Grubbs catalyst, Mn-salen complex
anchored on silica covalent/non-covalent immobilization)

— Metal Nanoparticle-
Based Supramolecular (e.g. elemental metals in nanoparticle form and their
Catalysts combination with supramolecular assemblies)

— Metal oxides - SiO, Al,03, TiO, ZnO
— Acid Catalysts

— Zeolites - HY, H-ZSM5,

— Clays - K-10, KSF

— Acidic ion-exchange resins - Nafion-H, Amberlyst, Dowex,
t— Heteropoly acids and their salts

— Sulfated metal oxides - sulfated zirconia

L— Metal organic frameworks (MOF)

— Metal oxides and carbonates - MgO

— | Base Catalysts | —

— Basic ion-exchange resins - Poly(vinyl-pyridine), Amberlyst-OH,
— Zeolites - ETS-10, LTA

— Layered Double Hydroxides

— Metal salts - alkaline earth carbonates

FIG. 1 A schematic classification of solid catalyst with few representative examples.

play a significant role in nearly all forms of catalysis.”> *” Although the term
metal catalyst usually implies to the elemental form of metals, the ionic forms
of transition metals are also considered, as these salts (e.g., PdCI, for coupling
reactions), oxides (PtO,), or hydroxides (Pd(OH),) are often reduced to the zero
valence form in situ. Organometallic complexes of transition metals are also
dominant catalysts. In addition to being the catalyst of choice for homogeneous
catalysis, their surface-bound, heterogenized forms are well-known solid cata-
lysts. While being excellent catalysts, all of the transition metals, or otherwise
called heavy metal catalysts, have one significant drawback—they possess quite
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most common in emerging
synthetic applications metal

less frequently
applied

......,.@ Lol T
..--......’.’.’.’.’.’.’.’.

FIG. 2 The periodic table of elements highlighting the metals that are most commonly used in
heterogeneous catalytic processes.

significant toxicity.”® * Although the toxicity is independent of whether the
catalyst is a soluble complex or a solid, the insignificant solubility of the solid
forms ensures low level of leaching to the solution. In contrast, metal complexes
are dissolved in the reaction medium and to remove them completely from the
solution is often challenging, thus raising the issue of toxic metal contamination
in the product or spent solvents. The thematic classification of metal catalysts
is depicted in Fig. 1.

Among the metals in the periodic table a relatively small group is consid-
ered catalytically active in heterogeneous catalysis, although many more are ac-
tive in their metal complex forms in homogeneous catalysis. The periodic table
(Fig. 2) highlights the metals most commonly used in heterogeneous catalytic
processes.

As shown in Fig. 2, Ni, Pd, Pt, and Rh are the most often used transition
metals in synthetic processes. Among these metals nickel is the most inexpen-
sive, thus it is quite frequently used in laboratory and industrial processes.”’ In
fact, Ni was the first metal that was used in heterogeneous catalytic hydroge-
nation by Sabatier in the late 1800s.”" It is commonly used as a supported Ni
catalyst, e.g., Ni/kieselguhr, for the hydrogenation of unsaturated fats or other
hydrocarbon transformations.*” ** The most frequently applied form of nickel,
however, is the well-known skeletal metal catalyst, Raney N i Raney Ni can be
prepared ahead of a reaction and is commercially available, or it can be prepared
in situ from NiAl alloy.” Essentially, Raney Ni is capable of hydrogenating all
hydrogenation-sensitive functional groups, although for example aromatic hy-
drogenation occurs under rather harsh conditions.™

Palladium is another member of the most frequently used group of metals.
Although more expensive than Ni, its properties are extremely versatile and Pd
catalysts are used in a myriad of transformations from hydrogenation,”” ** to
oxidations,” ' or carbon-carbon coupling reactions.** ** Although it is the most
common hydrogenation catalyst, its use has a somewhat limited scope. The lower
reactivity, however, is coupled with higher selectivity in several reactions.** **
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Platinum and rhodium are probably the most powerful hydrogenation cata-
lysts.*>*’ They can hydrogenate nearly all functional groups, with the exception
of carboxylic acid derivatives. Under mild conditions, they can act as an oxida-
tive dehydrogenation catalyst, e.g., in aromatization reactions.”” ** In addition,
they are frequently applied in multiple other transformations, such as oxidation,
dehydrogenation, hydrogenolysis, or hydroformylation.*” >’

Ruthenium and iridium are comparatively less often used metals that still
belong to the earlier mentioned group. They are extremely powerful catalysts
but due to their low natural abundance and high cost, the applications are mostly
focused on homogeneous catalysis, such as Ru complexes for enantioselective
hydrogenation”" or alkene metathesis,”* and Ir complexes for C-H activation™
or catalytic hydrogenation.”* These metals are also applied in environmental
exhaust systems, e.g., those of automotive engines.”” >’

The second major group of metals includes several, nonnoble metal catalysts
that were not frequently used earlier; however, multiple factors such as cost,
availability, abundance, and a favorable toxicology profile (moderate to low
toxicity) (e.g., Fe, Co, Cu) initiated more extensive exploration of the catalytic
properties these metals possess. Several application opportunities were reported
over the past two decades, such as hydrogenation (Fe, Co),”* " dehydrogena-
tion (Co),”" hydroformylation (Fe, Co),*” cyclopropanation/aziridination (Cu,
Co),% % Mukaiyama aldol reactions (Cu),” Fischer-Tropsch (C0),% and the list
of successful transformations is continuously expanding.®”*®

Among the emerging metals gold stands out. Long thought of being largely
inert, the discovery that it can catalyze a host of reactions®" " attracted sig-
nificant attention to this metal.”' Due to its unique characteristics it became
the catalyst of choice for many transformations in both major branches of
catalysis. In addition to its ability to carry out established processes, gold
catalysts became part of the development of new processes that do not occur
or are highly challenging with other traditional metal catalysts, even at the in-
dustrial level.”” In addition to its unique and beneficial catalytic features, such
as room temperature applications, one of gold’s most beneficial property is its
low toxicity, especially in comparison with other transition metals,”” ”* that
could make it the catalyst of the future for green and sustainable chemistry ap-
plications.”* Gold catalysts were prepared in several forms, such as supported
nanoparticles.”” After nearly three decades of research, gold has been estab-
lished as a catalyst of choice for many transformations, including hydrogena-
tion of C—C, C-0O, or N=0O bonds; oxidation of different functional groups;
hydration; hydrohalogenation; hydroamination; hydrothiolation; condensa-
tion; additions in homogeneous and heterogeneous applications alike.”® "
Due to the importance of this metal, its applications were subject of frequent
reviews.””

The previously discussed metals and their available catalysts with common
applications are summarized in Table 1.
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TABLE 1 Catalytic metals that are commonly used in heterogeneous catalysis
and their commercially available forms and application possibilities.

Metal

Platinum

Rhodium

Palladium

Nickel

Iridium

Ruthenium

Copper

Iron

Commercially available forms

Pt wire, sponge or granules, salts
and complexes, Pt black and
powder, P/SiO,, PYAl,Os, PYC,
PtO,, Pt/polyethylenimine/SiO,, Pt/
graphite

Rh wire, salts and complexes, Rh/
SiO,, Rh/Al,O3, Rh/C, Rh black and
powder, Rh;0,

Pd/SiO,, Pd/Al,O3, Pd(OH),, PdCI,,
Pd/BaCO3, Pd/SrCO3, Pd/CaCO;,
Pd/C, Pd/black

Ni wire, gauze, sponge, granules,
salts and complexes, Ni/SiO,, Ni/
SiO»-Al,O3, Raney Ni, Ni powder,
NiAl alloy, NiB, NiO, Ni,Si

Mostly in complex and salt form, Ir
black, IrO,, Ir wire, Ir/C

Ru black and powders, salts and
complexes, RuO,, Ru/C, Ru/Al,O;

Cu wire, gauze, sponge, granules,
salts and complexes, Cu powder,
CuO, Cu/Al,O3, Cu/SiO,, Cr,CuOy

Fe wire, granules, powder, oxides,
salts, complexes, Fe,O3, Fe;04

Applications

Hydrogenation, oxidation,
dehydrogenation,
hydrogenolysis, automobile
exhaust catalyst, hydrosilylation,
fuel cells, isomerization,
cyclization

Hydrogenation, oxidation,
hydroformylation,

carbonylation, automobile
exhaust catalyst, fuel cells

Hydrogenation, oxidation,
dehydrogenation,
hydrogenolysis, MeOH
synthesis, automobile exhaust
catalyst

Hydrogenation, hydrogenolysis,
carbonylative cycloaddition,
coupling reactions of C=X
bonds, C—H functionalization,
C—C bond functionalization,
cross-coupling reactions, CO,
fixation

Hydrogenation, oxidation,
hydroformylation, C-H bond
functionalization, 1,3-dipolar
cycloaddition

Hydrogenation, oxidation,
hydrogenolysis, NH; synthesis,
hydroformylation

Cyclopropanation, aziridination,
Mukaiyama aldol reaction,
some cross-coupling reaction,
multicomponent reactions,

click reactions, C-H activation,
cyclopropanation

Hydrogenation,
hydroformylation, ring opening,
cross-coupling, electrophilic
substitutions, magnetic oxides
serve as base for magnetic
catalysts

Continued
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TABLE 1 Catalytic metals that are commonly used in heterogeneous catalysis
and their commerecially available forms and application possibilities —cont'd

Metal Commercially available forms Applications
Cobalt Co powder, sponge, salts, CoO;, Hydrogenation,
Co mixed (II/111) oxide dehydrogenation,

cyclopropanation, aziridination
hydroformylation, Fischer-
Tropsch reaction

Gold Au powder, wire, sponge, salts, Hydrogenation,
complexes, Au,O3 dehydrogenation, oxidation,
hydration, hydrohalogenation,
hydroamination,
hydrothiolation, condensation,
additions

Many samples are available in a variety of metal concentrations and preparation protocols.

2.2.1 Unsupported metals

The first large group of metal catalysts is the neat or unsupported metals. These
catalysts are composed of pure metal (or metals if alloys), thus, with few ex-
ceptions, they are not considered economic from a financial as well as from an
environmental point of view. Often their particle size is relatively large, there-
fore the surface available for reactions is limited, resulting in a large amount
of unutilized metal. Skeletal metals are one notable group with high surface
area; however, most of these materials are pyrophoric and need to be dealt with
caution, for example, they need to be stored under water. The major groups of
unsupported metals include massive metals, such as wires, ribbons, sponges, or
single crystals with well-defined surface®’; neat metal powders or blacks™; skel-
etal metals, e.g., Raney-type catalysts®; in situ reduced oxides (e.g., PtO,)*;
and amorphous metal alloys®’ (e.g., NiB or CuZr).

2.2.1.1 Bulk or massive metals

The term massive metals stands for large metal formations that range from large
particle single crystals,*® * metal wires, foams” to metal mesh.”' Most of these
formulations are commonly used in large-scale industrial processes.”” In con-
trast, single crystals prepared of catalytically active metals are quite useful in
studying surface science and mechanisms of heterogeneous catalytic reactions.”

2.2.1.2 Metal “blacks”

As described before, metal blacks are neat elemental metals mostly in a powder
form with varying particle sizes prepared by the direct reduction of metal salts.
Although they are very effective and are commonly used, they are expensive due
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to the relatively high amount of metal used and the high cost of these, especially
the noble metals.* Their large particle size and accordingly low active surface
area mean that a large amount of the metal is not available to the reactants.”*

2.2.1.3 Skeletal metals

Skeletal metals are an evolved form of the metal blacks. Despite the fact that
they are neat metals, they possess an extremely large surface area. They are
usually prepared from bimetallic metal alloys by selectively removing one of
the metal components. The most common group of skeletal metals is the Raney-
type catalysts that are prepared from commercially available metal-Al alloys
(e.z., NiAl, CoAl, etc.).”*° One of the primary use of these metal-Al alloys is
to prepare skeletal metal catalysts,® thus their preparation is of high practical
importance. Usually a dilute base dissolves the aluminum component leaving
the other metal behind in a skeletal, sponge-like structure of high surface area.
Due to the large clean metal surface these materials are very active and py-
rophoric and must be stored under water.”> Murray Raney developed the first
method to prepare skeletal metal catalysts from a 50%—-50% nickel-silicon al-
loy in 1924.* The obtained material, named after him as the Raney Ni cata-
lyst, was an extremely active hydrogenation catalyst. In 1927 Raney applied a
50%-50% Ni-Al alloy in a similar protocol and obtained an even more reactive
hydrogenation catalyst than that from the Ni-Si alloy.” Since this discovery, the
Ni-Al alloy, or in general metal-Al alloys, have been used for the preparation of
Raney-type catalysts. The alloy is made by mixing nickel to molten aluminum
and after proper mixing the alloy is cooled down, a process called quenching.
As in many catalyst preparations, often promoter metal additives are used to
enhance catalytic features of the Raney Ni catalyst. The extra metals are added
to improve the selectivity of the final catalyst toward the hydrogenation of the
target functional group. The most common promoters for the preparation of
Raney Ni are Cr,()6 Mo,97 Zn,()8 Fe,” Cu, and Co."" Some of these metals are
also made into metal-Al alloys (e.g., Co-Al, Cu-Al) that are also commercially
available and are used to prepare the corresponding Raney Co or Raney Cu.
The earlier reports are summarized in the literature.”” Recent applications in-
clude the hydrogenolysis of C—X and C—O bonds or the racemization of amines
or the hydrogenative dehydroxylation of glycerol (Raney Co),'’" "> methanol
synthesis, hydrogenative dehydroxylation of glycerol to propylene glycol, or
the catalytic gasification of biomass (Raney Cu).'*'%

2.2.14 Noble metal oxides and hydroxides

Although limited in actual examples, the few commercially available metal ox-
ide or hydroxide-based catalysts,'”’ e.g., the Adams’ platinum (PtO,), are rela-
tively popular as they are shelf-stable and thus easy to turn to. These catalysts
are very effective and commonly used, however, expensive given the relatively
high amount of metal used and the high cost of these metals. In fact, the metal
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oxide catalysts are usually undergoing a prereduction step in the presence of
hydrogen gas and eventually will be used as metal blacks. In contemporary
applications they are particularly popular in hydrogenation of pyridines,'”™ or
organofluorine compounds,'” as well as in the hydrogenolysis of the cyclopro-
pane ring.'"*

Another typical example is the Pearlman’s catalyst, Pd(OH),. In principle
it works the same way as the Adams’ platinum; however, due to the change
of metal, some of the reactions are specific to this catalyst. For example, the
Pearlman’s catalyst has been applied for Fukuyama, Sonogashira, and Suzuki
couplings'''; hydrogenation of complex molecules''?; diastereoselective hydro-
genations''*; hydrogenolysis of the cyclopropane ring''*; and it is a typical de-
benzylation catalyst for protected alcohols and amines as well.''> '

2.2.1.5 Amorphous metal alloys

Amorphous metal alloys are prepared as simple powders and metallic glasses.
The powders are obtained by the reduction of metal salts by the appropriate
reducing agents, and the metallic glasses are prepared by metallurgy.”” "' The
first group includes, for example NiB or NiP, that are commonly obtained by the
reduction of the appropriate metal salts often chlorides, in the presence of boron
or phosphorus compounds, respectively. The most common reducing agents are
NaBH, for the boron alloys and NaH,PO, for the phosphorus alloys. Another
way to prepare these alloys is via electrodeposition.'' The metallic glasses are
prepared from their melt by extremely rapid cooling, commonly at the tempera-
ture of liquid nitrogen. Due to the nearly immediate solidification the material
cannot develop a crystal structure and remains amorphous.''” '*’ The applica-
tion of amorphous metal alloys in synthetic chemistry has an extensive history;
however, a large majority of these applications are related to heterogeneous
catalysis.”” '*! 1> They are applied in oxidations,'*’ hydrogenations,''” '**-1%
or water oxidation.'””'** In addition to synthetic applications, amorphous alloys
are also commonly applied for the preparation of skeletal metal catalysts (vide
supra).'” Recent reviews summarize the contemporary applications.'*"'#

2.2.2  Supported metal catalyst

The catalytic activity of Ni has been known since 1897 when Paul Sabatier hy-
drogenated alkenes over nickel catalysts when the nickel was dispersed on the
surface of silica support,”’ thus supported metals are the earliest examples of
heterogeneous metal catalysis.

The concept of supported metal catalysts is relatively simple; small particles
of the active metal component are dispersed on the surface of a support mate-
rial that is commonly inert (e.g., C, Al,Os, or polystyrene); however, it also
could contribute to the catalytic reaction (zeolites, clays, etc. that will promote
bifunctional catalysis),'”"*° or in the form of a self-supported catalyst.'*” The
preparation of supported metals achieves two benefits: efficacy and economics.
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Namely, a much larger portion of the metal will be accessible due to the small
particle size, which means less metal has to be used.'** Supported metal cata-
lysts are usually prepared from commercially available metal salts via reduction
in the presence of the support. The preparation of supported metal catalysts is
often called an art: the experimental conditions applied during their preparation
will determine the performance of catalysts, including activity and selectivity.
The most common experimental variables that one considers during the prepa-
ration of a catalyst are the reduction method, pH, and temperature. Obviously
the applied support has an utmost importance as well. In many cases when the
catalyst undergoes postsynthesis treatments, such as heat treatment, further re-
duction with H, gas at high temperatures and the likes, they all modify the
original catalyst and fine-tune its properties. All these specific options make the
catalyst preparation a time-consuming and work-intensive process that often
becomes a patented trade secret and is a frequent target for reviews,' > '3 13 140
The description of major techniques that are applied for catalyst preparation
is beyond the scope of this work; however, the topic is described in detail in
several sources.”” ! 1%

2.2.2.1 Catalyst supports

While there are several important variables during the preparation of supported
metal catalysts, probably the most important one is the material of the sup-
port itself."** Depending on the catalytic application, the support can be inert
or it can possess acidic, basic, or special electronic (insulator, conductor, etc.)
properties.'*” '** The field is extremely broad and is dynamically growing. Thus
it is impossible to provide an exhaustive account of catalyst supports. In addi-
tion, the upcoming chapters include over two thousand references presented
by application areas that are all related to the use of supported catalysts. In this
subchapter, our goal is to rather give a short summary that highlights the well-
known supports and major directions in the development of new ones with a few
representative examples. The most common catalyst supports and their major
characteristics are summarized in Table 2.

SiO,

Silica-supported metal catalysts are the oldest heterogeneous catalysts dating
back to Sabatier’s pioneering works on catalytic hydrogenations.”" '** These
materials are based on various forms of silicon dioxide that can be prepared
by a multitude of methods, e.g., from SiCl, by flame hydrolysis (nonporous
silica), sodium metasilicate via acidic treatment (porous silica), or tetraethyl
orthosilicate by hydrolysis (mesoporous silica). In several cases the preparation
of the silica occurs in the presence of an active catalyst, and at the end of the
process silica nanocomposite materials are obtained.'*”'** In other examples,
the silica surface is applied for modifications and active catalysts are covalently
bound to it."*’ The most common forms include Aerosil, Cab-O-Sil, Suprasil,
Borsil, Eurosil, kieselguhr, just to name a few of those samples that are all
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TABLE 2 The most common solid support materials that are used for the
preparation of supported metal catalysts and their major physical and

chemical properties.

Support

Silica

Alumina

Other metal oxides
Alkaline earth metal

carbonates

Carbon-based materials

Polymeric materials

Clays
Zeolites

Biomass-based supports

Magnetic supports

Composition/material

SiO,, kieselguhr,
mesoporous silicas (e.g.,
MCM-41, SBA-15, etc.)

Al,O5 including a wide
variety of samples

TiOz, C602

CaCO;, BaCO;, SrCO;

Activated carbon (AC),
graphite, graphene,
graphene oxide, fullerenes,
and carbon nanotubes

Poly(styrene) (PS),
poly(vinyl)pyridine (PVP),
polydopamine (PDA),
aminomethylated PS

K-10, KSF, bentonite,
montmorillonites

A wide variety of zeolites,
e.g. Y, beta, ZSM

Chitosan, biomass ashes,
metal-carbonates, various
carbon materials

Fezog, Fe304

Supported metal
catalysts

Nearly all catalytically
active metals

Nearly all catalytically
active metals

Nearly all catalytically
active metals

Pd/CaCO;, Pd/BaCO;, Pd/
SrCO;

Nearly all catalytically
active metals

Many catalytically
active metals, some are
commercially available

Some metals, usually
tailored catalyst

Some metals, usually
tailored catalyst

A variety of metals,
tailored catalysts, when
a metal bioaccumulating
plant is used it will
determine the metal

Applicable for all metals,
generally tailored catalysts

commercially available. Another advantage of silica is that it is essentially inert
to all chemicals except HF. Its chemical inertness, coupled with its practically
insoluble nature and negligible vapor pressure, ensures low toxicity on contact
(e.g., some forms make it into toothpaste). However, if inhaled, it can cause a
host of serious issues in the respiratory tract including cancer. Its toxicity is also
dependent on the size of the particles; nanosized silica particles can enter the
cells via endocytosis and cause damage."”’
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Silica support materials are used in many different forms. A recent review
provides an extensive account regarding the types and characteristics of silica
supports in heterogeneous catalysis."”' Amorphous silica is a commonly used
catalyst support due to its thermal stability as well as tunable porosity and
surface area.”” '** Mesoporous silica materials became increasingly popular
since the 1990s."”* The MCM series (MCM-41 being the most popular) or the
SBA series (SBA-15 is the most commonly used) were used as supports for
many metals in nearly every application possibilities.'”> They are particularly
sought after due to the variable pore size (1.5-30nm) and high surface area
(800-1000m*/g)."”" These materials are viable catalysts on their own'”® and
will be discussed later under nonmetallic catalysts.

AlL,O3

Aluminum oxide, or, as commonly referred to, alumina, is a collective name for
a large group of materials that has been used in heterogeneous catalysis for over
a century.””’ The members of the group are structurally different, sometimes
even in their chemical composition. The simplest form, AI(OH)3, exists in many
forms, the two most common ones are Gibbsite and Bayerite. Different levels of
dehydration of the basic forms result in the formation of various other materials,
such as Boehmiite, v, x, a, 9, T, € aluminas just to name a few variants, many of
them are interconvertible to each other, although in a one-way process (Scheme 1).
These materials possess a broad range of properties, including amphoteric na-
ture, variable surface area (low to 400 mz/g), pore volume (0.1-1.5 cm3/g), or
pore size (2nm to 170 pum)."”*'% Due to its versatility, alumina has been the
support of choice for a large number of supported metal catalysts. Simply, the
large variety allows the preparation of a specifically tailored support for indi-
vidual applications.

o~ (el -5 (sl
—
H,0 H,0

l 300 °C l 500 °C l 250 °C
X-alumina Y-alumina n-alumina
l 800 °C l 850 °C l 850 °C
K-alumina d-alumina ©@-alumina
W— l 1150 W
ot-alumina

SCHEME 1 Interconversion of various alumina samples

Alumina-supported metal catalysts enjoy considerable popularity in het-
erogeneous catalysis ranging from hydrogenation, oxidation to coupling reac-
tions, or automotive applications.'®' In fact, nearly every metal is produced in
an alumina-supported form. In addition to the beneficial physical features and
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highly variable synthetic pathways, alumina possesses low chemical toxicity,
which is a considerable advantage in green and sustainable applications, al-
though exposure to its dust and nanoparticles could cause harm.'®*

Clays and zeolites are natural and synthetic aluminosilicates that have been
frequently used in catalytic applications as solid acid catalysts and also as cata-
lyst supports.'®~'°® Despite being support materials for the preparation of metal
catalysts, the majority of their applications are in acid-catalyzed reactions in a
neat form without a metal component. Thus they are mentioned here; however,
their detailed description including structural and catalytic properties will be
provided in the solid acid catalyst subchapter.

Other metal oxides and metal carbonates

In addition to silica and alumina, there are several other metal oxide- or metal
carbonate-based supports that are applied for their task-specific properties.
Several of them are used as promoters. Titania (TiO,) is commonly used in
two of its crystalline forms, rutile and anatase. It is prepared either by the sol-
vothermal or hydrothermal hydrolysis of Ti salts, sol-gel method, or the flame
hydrolysis of TiCly; the crystalline form of the product depends on the experi-
mental conditions used.'® Recent reviews focus on the preparation of TiO, in
its nanoparticle form.'”’ What makes titania a special catalyst/catalyst support
is that unlike silica or alumina that are insulators, it is a semiconductor and also
that the surface Ti** ions can be reduced to Ti’* by hydrogen spillover, which
makes it able to participate in strong metal-support interactions (SMSI). The
most common application of TiO, catalysts is in photocatalytic reactions'’" '7?;
however, they are also applied as promoters.'”* '”* There are several other ox-
ides, such as ceria (CeQ,), or RuO,, that are also used in a host of applications
ranging from photo- and electrocatalysis to water-gas shift reaction.'”>™'”®

Some other metal oxides (e.g., MgO) and alkaline earth metal carbonates
(Ca-, Sr-, BaCOs;) are generating interest mainly due to their significant basic
properties. The basic support, when applied, commonly contributes to the out-
come of the reaction, thus most of these catalysts are considered bifunctional
metal-base catalysts. The scope of the applications is broad from CO, activa-
tion,'79 hydrogenation,lso‘ 181 oxidation,lgz’ 183 {0 methane activation.'®* Likely,
the Lindlar catalyst (5% Pd/CaCOs3, PbO and quinoline) is the most well-known
example of this group. This catalyst is best known for its ability to hydrogenate
alkynes to alkenes, in a stereoselective manner'* '*; however, recent applica-
tions extend the scope of this catalyst to the hydrogenation of vegetable oils'®’
or azides.'®

Magnetic catalyst supports

With the emergence of the green chemistry principles, the recovery and reuse
of catalysts, particularly metal catalysts, became an increasingly important task.
Applying magnetic materials as catalyst supports appears to be the ultimate so-
lution to this issue. With the use of magnetic catalysts, a simple external magnet
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can separate the catalyst from the reaction mixture without the use of tedious
filtration or centrifugation.'™ '’ The early catalysts with magnetic character
were somewhat accidental and were based on the intrinsic magnetic character of
the catalysts themselves, such as Fe, Ni, Co, or certain oxides of iron.'”" Since
then, the field considerably extended and magnetic support materials were de-
signed and prepared to carry the active component, be it a neat metal, metal
complex, organocatalyst, or an enzyme.'** Due to the extensive interest in these
magnetically recoverable materials a number of reviews summarize the devel-
opments.'”*"'”> Magnetic supports can be prepared in two major ways, either
using uncoated'”° or coated magnetic particles (Fig. 3)."” ' The major sources
of magnetic supports are either elemental magnetic materials such as Fe, Co,
and Ni (mostly in the form of nanoparticles), or some of their oxides, Fe;O,,
v-Fe,03, or MFe,0, (M=Co, Mn). The most common application is the use
of coated magnetic nanoparticles. The often used coatings are made of silica,
carbon, polymers, metal oxides and hydroxides, or metals (core shell coating).

Carbon-based supports

Carbon is a well-known catalyst support material that originally made its way
to catalytic chemistry due to its extensive surface area and strong adsorption
capability. There are several benefits in using carbon as a catalyst support: it
is largely inert and resistant to many chemicals such as acids and bases; it is
noncorrosive, stable even at high temperatures, hydrophobic, and nontoxic.'””
In many instances, activated carbon (AC) is commonly synthesized from bio-
logical sources, thus it can be considered a renewable material.””’ The sources
are quite broad from date or cherry stones, coconut shells, corn cob, or lignin
just to list a few.””' " Activated carbon serves as a support for most catalyti-
cally active metals as well as catalytically active metal complexes due to its high
surface area and inert characteristic. Accordingly, the catalytic applications are
very broad, as reviewed.'”’
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FIG. 3 Functionalization of magnetic particles in their noncoated (A), silica-coated (B), and
carbon-coated (C) forms.
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Graphite is the most stable form of carbon and as such it has been applied in
catalysis either in its neat form or as a support for metal catalysts. The deposited
metals show a broad range, from platinum metals to Ni, Fe, or amorphous NiB al-
loys and consequently the catalytic applications are also wide ranging including
hydrogenation, Fischer-Tropsch synthesis, or Baeyer-Villiger oxidation.”** %

In addition to the previously discussed traditional carbon-based supports,
several relatively new carbon nanomaterials attracted significant attention in ca-
talysis. A group of these materials, such as graphene and its modified forms (gra-
phene oxide (GO), reduced graphene oxide (rGO)), is quickly gaining interest in
the preparation of supported metal catalysts and their applications.”’’ Graphene
has exceptional properties, such as great intrinsic carrier mobility at room tem-
perature, with a perfect atomic lattice and excellent mechanical, thermal, electri-
cal, and optical properties. Numerous metals have been deposited on graphene
support and applied in a variety of transformations, including hydrogenation, CO
oxidation, aerobic oxidation of alcohols, or fuel cell applic:ations.m’211

Carbon nanotubes (CNTs) are another group of the more recent forms
of carbon.”’* *"* They possess unique properties, such as high mechanical
strengths and high thermal stability, which make them a good alternative to
conventional catalyst supports.”'**'> Pd is one of the most commonly applied
metal to be deposited on the surface of CNTs due to its ability to catalyze a
multitude of reactions, from hydrogenations to C-C coupling reactions.”'***’ In
addition to the nanotubes, carbon nanofibers (CNF) are also frequently applied
in catalysis.”' %

Polymeric materials

There are a large number of reports in which polymeric materials are applied as
a catalyst support. In early studies polymers were applied to stabilize metal col-
loids. Later, synthetic polymers have been applied in the preparation of immobi-
lized metal complexes (vide infra).”** The preparation of these catalysts usually
goes through two major pathways. In the first, preformed polymer particles are
used and the metal is deposited on the surface of the polymers commonly by
reduction of metal salts. The second pathway involves the introduction of the
metal during the polymerization process. In this case the metal will be embed-
ded into the polymer.

With the development of highly selective methods for the synthesis of well-
defined, submicrometer size polymer beads, the applications were extended to
the preparation of supported metal catalysts as well.” Poly(styrene) and its
cross-linked derivatives (with divinyl benzene) are likely the most common
support materials; however, poly(vinylpyridine) is also often applied. They are
applied for several processes, such as hydrogenation,””® **’ metal-catalyzed
couplings,”” and the polymerization of lactones.””® There are several polymer
supports, such as poly(vinylpyridine) (PVP), aminomethylated polystyrene
(AMPS), or Amberlyst-OH (AOH), that possess reasonable basic properties and
thus are applied in potentially bifunctional catalysis, where the basic supports
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fulfill an important role in the selective adsorption of acidic reactants or chiral
modifiers, similarly to the alkaline metal carbonate-supported catalysts.*’

Polydopamine (PDA) is a nature-inspired highly basic, functional polymeric
material. PDA is a green, environmentally benign synthetic polymer that is pro-
duced from renewable starting materials. As a strong base it has been used as
an organocatalyst on its own and has also been utilized as a support for metal
nanoparticles.* >

In recent applications, polymers have been applied as support materials for
nanoparticles.””" In order to extend the scope of these catalysts, renewable biopoly-
mers such as alginate or chitosan have been also applied as support materials.”* >

Biomass-based materials

The preparation of renewable catalytic materials, including supports for metal
deposition, is another of the emerging areas. These materials are prepared from
various renewable biological sources. Based on the source and the preparation
method there are several classes of these materials. Biomass ashes form after
the combustion of various forms of biomass and include mostly compounds of
basic properties (CaO, K,0, MgO, carbonates, etc.). Similar basic materials are
obtained from waste shells (e.g., egg or shellfish shells) and bone materials.
Activated carbon materials are mostly produced from high carbon materials,
such as wood or coconut shells. Chitosan is an abundant, biodegradable, and
renewable material with reasonable thermal and chemical stability. It is a carbo-
hydrate heteropolymer similar to cellulose having hydroxy, amino, and acetyl-
amino groups on its surface and produced on a large scale from crustacean shells
(waste from the food industry). Chitosan is applied as a neat catalyst,”® >/
as well as support material for metals.”**

Several recent accounts provide in-depth information regarding these
materials.” "'

Self-supported catalysts

Although they are not directly support materials, the development of these catalysts
has been inspired by the immobilization of chiral complexes on surfaces. These
catalysts are based on polymeric materials, usually applying chiral monomers, that
are combined with metals. The embedded metal is responsible for the catalytic
activity, and the chiral matrix provides the environment for enantioselection. These
catalysts have attracted growing attention and are widely used in organic transfor-
mations, such as cyclopropanation, oxidation, amination, and addition reactions.”*>

2.2.3 Heterogenized metal complexes and organocatalysts

In order to combine the advantages of the high performing metal complexes of
homogeneous catalysis and the more robust, stable, and higher stability solid
catalysts, several techniques were developed for the immobilization of metal
complexes on mostly inert, solid surfaces.”** ***
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When a metal complex that was used as a homogeneous catalyst is immo-
bilized on a solid support the same effective catalyst could be applied in het-
erogeneous catalysis. This change offers several benefits, as compared to the
original homogeneous alternatives, that are related to the solid nature of the
catalyst such as ease of separation, applicability in flow systems, stability, and
the likes. One must not forget, however, that, on average, heterogenized metal
complexes are usually less active or selective than the parent complexes in the
solution phase.”* There are several methods to anchor metal complexes to sur-
faces by covalent, ionic, or noncovalent interactions. A host of support materials
were used, from functional polymers, or graphene to mesoporous silicas, such
as SBA-15, including chiral complexes.”** !

In contrast to the previously highlighted potential benefits, it appears that the
pharmaceutical and fine chemical industries, at least up to now, did not embrace
the idea of heterogenized metal complexes. Despite the extensive efforts that
have been made in the past nearly three decades, researchers are still yet to de-
velop a catalyst based on immobilized metal complexes that would surpass the
parent homogeneous metal complex, in terms of turnover number and turnover
frequency. In addition, the preparation of such catalysts is often tedious and
expensive, sometimes even the support material needed to be developed sepa-
rately, and the addition of the large amount of support eventually leads to more
waste. In short, thus far the concept, while appeared promising, could not make
the potential benefits real.”

Similar approaches exist for the immobilization of organocatalysts as well,
using polymers and porous materials as supports.”** 2>375

2.2.4 Metal nanoparticle-based catalysts

Metal species with size below the pm range (single atoms, nanoclusters, and
nanoparticles) are considered in this category. Based on their extremely small
size, these materials often exhibit unusual catalytic behavior in various hetero-
geneous catalytic transformations. It is well known in the literature that several
catalyst characteristics, such as particle size, metal-support interaction, mass
transport limitations, and others, significantly influence the individual, inherent
elemental characteristics of metals.””® **” As nanoparticles are often unstable
on their own, stabilizers such as organic polymers or supramolecular assem-
blies are applied.”™ The most commonly applied stabilizers are polymers,”” **
starch,”®' organic ligands,”* ionic liquids,”® the surface fluorination of sup-
ported nanoparticles (e.g., on TiO, support),”** or special heating methods.”
A group of carbohydrates, cyclodextrins, also provides stabilization of metal
nanoparticles, and in addition, they open up a possibility to combine the effi-
cacy of nanoparticle catalysis with the versatility of supramolecular host-guest
chemistry.”*® When a properly modified cyclodextrin derivative (host) is im-
mobilized on the surface of the metal nanoparticle it opens up opportunities for
biphasic reactions. Essentially the cyclodextrin acts as an immobilized phase
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C=C and C=N hydrogenated
substrates products

B- ycic;dextrin
p-CD

perthiolated p-cyclodextrin
PSH-B-CD

FIG. 4 Catalytic inverse phase transfer/hydrogenation of hydrophobic C=C and C=N group-
containing compounds in aqueous medium using p-cyclodextrin-stabilized Pd nanoparticles.

transfer catalyst, thus allowing the reactions to be carried out in water. This
proof-of-concept model was demonstrated by Liu’s group in biphasic hydro-
genation reactions (Fig. 4). The nonpolar cavity of the cyclodextrin component
can attract and host small hydrophobic organic compounds in aqueous solvent,
and the metal nanoparticles could catalyze the reaction, in this case the hydro-
genation of a broad variety of C=C and C=N bonds. The reaction provided the
hydrogenated products in excellent yields.

Nanoparticle-based catalysts, whether supported or stabilized samples, are
widely used in catalytic applications. They are applied in oxidations, hydroge-
nations, oil refining, environmental applications, catalytic reforming, or photo-
catalysis, just to name a few. > 27

2.3. Nonm