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xi

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, 

Preface
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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 Török
Christian Schäfer

Anne Kokel

xii  Preface
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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.1 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.2, 3  
There were several others who later observed and reported catalytic reactions, 
such as Parmentier, Kirchhoff, or Döbereiner, who focused on the hydrolysis of 
starch, and also described the decomposition of potassium chlorate catalyzed 
by manganese dioxide.4–6 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 1835.7 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.8 This discovery, 
with his other contributions, earned Sabatier the Nobel Prize in Chemistry in 
1912.9 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.10 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.11–13

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 (γ-alumina) in the early 1900s.14 The two scientists worked in parallel 
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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.15, 16 
Following Ipatieff’s introduction of γ-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 Ostwald17 
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,18 several explanations were reported to elucidate surface phenomena, 
including the Langmuir-Hinshelwood,19, 20 Eley-Rideal,21 or Horiuti-Polanyi 
mechanisms.22 Later, in the 1960s, these investigations led to the development 
of a new field, commonly referred to as surface science,23 pioneered by Ertl24 
and Somorjai.25 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.26–31 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.32, 33

Based on the importance of these methods, they have been frequently re-
viewed. There are many seminal books34–40 and major accounts41–43 that time 
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to time provided extensive background regarding these processes. One of these 
books, Augustine’s Heterogeneous Catalysis for the Synthetic Chemist,44 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.32, 33 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.45 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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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 atoms46, 47 or small 
compounds such as acids or bases,48 some are larger such as metal complexes49, 

50 or even supramolecular assemblies including enzymes or metal-organic 
frameworks,51–53 others are elements in different forms.54 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.

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 

Catalyst
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mass transport  
and adsorption 

Catalyst
S

R

Catalyst

SR

mass transport 
and adsorption

Catalyst

product 
formation

P

P

product 
desorption,
catalyst 
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FIG. 1  A generic scheme of a catalytic cycle with the elementary steps.
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(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 1020 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.

Fr
ee

 e
ne

rg
y 

Reaction Coordinate 

A+B

C+D

Uncatalyzed reaction: A+B C+D
EA,UC

Catalyzed Reaction: A+B I1 EA,1

EA,UC

Activation
energy

I1 I2

I2

∆G

C+D
I1

I2

I - intermediate

EA,2

EA,3

EA,3
EA,2

EA,1

FIG. 2  Illustration of the energy profile of a hypothetical catalytic and noncatalytic reaction.



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

6  Heterogeneous catalysis in sustainable synthesis

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.55 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/CaCO3 is partially poi-
soned with Pb(OAc)2 and quinoline) that can selectively hydrogenate alkynes 
to alkenes (Fig. 3).56

FIG. 3  The Lindlar catalyst and its use for the partial hydrogenation of alkynes to alkenes.



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

Heterogeneous catalysis for organic synthesis  Chapter | 1  7

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.57 Another example is the methanol synthesis from syngas 
where the most common catalyst is Cu-ZnO that is made better by chromium 
oxide (Cr2O3) as a promoter.58 Other materials are used as structural promoters 
as they improve formulation, general mechanical properties, and stability of 
catalysts.59 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.60

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.61 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.62 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.63, 64 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.65

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.66

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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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 

FIG. 4  Representative examples for different forms of selectivity.
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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 SO3 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.67 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).18 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.68 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.69 Modern 
surface science measurements confirmed Taylor’s original hypothesis, namely 
that a catalyst is a largely inactive surface with comparatively few active spots.70 
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.71 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.72 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.73–75 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 Brønsted or Lewis acid or base site.76–79

1.2.2.4  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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One of the most common examples is the chemoselective hydrogenation of α,β-
unsaturated carbonyl compounds, which is a process of practical importance in 
the fragrance industry.80 The hydrogenation of these substrates on generic metal 
catalysts commonly occurs on the CC bond before the CO 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).81

1.2.2.5  Experimental variables
As mentioned before, heterogeneous catalytic transformations occur in a liq-
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 α-ketoesters, acetic acid was found to be the best solvent. The broadly ac-
cepted explanation is that the acid protonates the basic quinuclidine nitrogen 

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 
cinnamyl alcohol (>99% selectivity) in the hydrogenation.
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of the alkaloid and enables it to form a complex with the carbonyl group of 
the ketoester.82 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,83–85 quinolines,86, 87 pyrazoles,88–90 
β-carbolines,91, 92 benzodiazepines,93, 94 and multicyclic products95 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.96 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).97 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 CO2), 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,98–100 including 
applications regarding biobased technologies, such as biodiesel production.101

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 temperature, 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.102 In addition, several reviews also 
summarize specific areas of this field related to heterogeneous catalysis, such 
as microwave-assisted organic synthesis,42, 103, 104 sonochemistry,105–107 pho-
tochemistry,108–110 electrochemistry,111–113 mechanochemistry,114–116 and high 
hydrostatic pressure.117–119 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.120 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.121 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.122, 123 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-
lytic 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 industrial units are stirred with external motor-operated turbines of various 
designs.44
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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.121 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.124 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.125, 126

Flow systems have several major advantages. One of the most important 
ones is that these reactors allow continuous production of chemicals.127 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 Chemistry1 for the sustainable production of pharmaceu-
ticals and fine chemicals by replacing the outdated procedures and catalysts 
with more contemporary environmentally benign alternatives.2, 3 The applica-
tion possibilities include synthesis design,4 biomass conversion,5, 6 water and 
supercritical CO2-based synthesis,7, 8 biocatalysis,9, 10 and the development of 
new green metrics.11 The continued development of heterogeneous catalysis 
involves the preparation and application of solid catalysts.12 As mentioned in 
Chapter 1, solid catalysts are favored in large-scale, continuous flow-based in-
dustrial processes.13–16 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.17–21 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.22–25

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 
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play a significant role in nearly all forms of catalysis.26, 27 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., PdCl2 for coupling 
reactions), oxides (PtO2), or hydroxides (Pd(OH)2) 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 

Acid Catalysts

Heterogeneous Catalysis - Solid Catalysts

Metal oxides - SiO2, Al2O3, TiO2, ZnO

Zeolites - HY, H-ZSM5,

Clays - K-10, KSF

Acidic ion-exchange resins - Nafion-H, Amberlyst, Dowex,

Metal Catalysts

Unsupported
Metals

Supported Metals (largest group, often commercially available e.g. Pt/Al2O3

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)

Noble Metal Oxides or Hydroxides (e.g. PtO2-Adam's platinum,
Pd(OH)2-Pearlman's catalyst)

"Blacks" (fine metal powders e.g. Pt-black Pd-black, Rh-black)

Skeletal Catalysts (Raney-type catalyst, e.g. Raney Ni)

Amorphous Alloys (non-crystalline metal alloys, e.g. Ni2B, Ni2P, or
metallic glasses e.g. CuZr)

Heteropoly acids and their salts

Sulfated metal oxides - sulfated zirconia

Metal organic frameworks (MOF)

Base Catalysts

Basic ion-exchange resins - Poly(vinyl-pyridine), Amberlyst-OH,

Metal oxides and carbonates - MgO

Zeolites - ETS-10, LTA

Layered Double Hydroxides

Metal salts - alkaline earth carbonates

FIG. 1  A schematic classification of solid catalyst with few representative examples.
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significant toxicity.28, 29 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.30 In 
fact, Ni was the first metal that was used in heterogeneous catalytic hydroge-
nation by Sabatier in the late 1800s.31 It is commonly used as a supported Ni 
catalyst, e.g., Ni/kieselguhr, for the hydrogenation of unsaturated fats or other 
hydrocarbon transformations.32, 33 The most frequently applied form of nickel, 
however, is the well-known skeletal metal catalyst, Raney Ni.34 Raney Ni can be 
prepared ahead of a reaction and is commercially available, or it can be prepared 
in situ from NiAl alloy.35 Essentially, Raney Ni is capable of hydrogenating all 
hydrogenation-sensitive functional groups, although for example aromatic hy-
drogenation occurs under rather harsh conditions.36

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,37, 38 to 
oxidations,39–41 or carbon-carbon coupling reactions.42, 43 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.44, 45

Re Os Ir Pt

Ru Rh Pd Ag

Fe Co CuNi

Au

FIG. 2  The periodic table of elements highlighting the metals that are most commonly used in 
heterogeneous catalytic processes.
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Platinum and rhodium are probably the most powerful hydrogenation cata-
lysts.46, 47 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.27, 48 In addition, 
they are frequently applied in multiple other transformations, such as oxidation, 
dehydrogenation, hydrogenolysis, or hydroformylation.49, 50

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 
hydrogenation51 or alkene metathesis,52 and Ir complexes for C-H activation53 
or catalytic hydrogenation.54 These metals are also applied in environmental 
exhaust systems, e.g., those of automotive engines.55–57

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),58–60 dehydrogena-
tion (Co),61 hydroformylation (Fe, Co),62 cyclopropanation/aziridination (Cu, 
Co),63, 64 Mukaiyama aldol reactions (Cu),65 Fischer-Tropsch (Co),66 and the list 
of successful transformations is continuously expanding.67, 68

Among the emerging metals gold stands out. Long thought of being largely 
inert, the discovery that it can catalyze a host of reactions69, 70 attracted sig-
nificant attention to this metal.71 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.72 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,29, 73 that 
could make it the catalyst of the future for green and sustainable chemistry ap-
plications.74 Gold catalysts were prepared in several forms, such as supported 
nanoparticles.75 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O, or NO bonds; oxidation of different functional groups; 
hydration; hydrohalogenation; hydroamination; hydrothiolation; condensa-
tion; additions in homogeneous and heterogeneous applications alike.76–78 
Due to the importance of this metal, its applications were subject of frequent 
reviews.79–82

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 Commercially available forms Applications

Platinum Pt wire, sponge or granules, salts 
and complexes, Pt black and 
powder, Pt/SiO2, Pt/Al2O3, Pt/C, 
PtO2, Pt/polyethylenimine/SiO2, Pt/
graphite

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

Rhodium Rh wire, salts and complexes, Rh/
SiO2, Rh/Al2O3, Rh/C, Rh black and 
powder, Rh3O2

Hydrogenation, oxidation, 
hydroformylation, 
carbonylation, automobile 
exhaust catalyst, fuel cells

Palladium Pd/SiO2, Pd/Al2O3, Pd(OH)2, PdCl2, 
Pd/BaCO3, Pd/SrCO3, Pd/CaCO3, 
Pd/C, Pd/black

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

Nickel Ni wire, gauze, sponge, granules, 
salts and complexes, Ni/SiO2, Ni/
SiO2-Al2O3, Raney Ni, Ni powder, 
NiAl alloy, NiB, NiO, Ni2Si

Hydrogenation, hydrogenolysis, 
carbonylative cycloaddition, 
coupling reactions of CX 
bonds, CH functionalization, 
CC bond functionalization, 
cross-coupling reactions, CO2 
fixation

Iridium Mostly in complex and salt form, Ir 
black, IrO2, Ir wire, Ir/C

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

Ruthenium Ru black and powders, salts and 
complexes, RuO2, Ru/C, Ru/Al2O3

Hydrogenation, oxidation, 
hydrogenolysis, NH3 synthesis, 
hydroformylation

Copper Cu wire, gauze, sponge, granules, 
salts and complexes, Cu powder, 
CuO, Cu/Al2O3, Cu/SiO2, Cr2CuO4

Cyclopropanation, aziridination, 
Mukaiyama aldol reaction, 
some cross-coupling reaction, 
multicomponent reactions, 
click reactions, C-H activation, 
cyclopropanation

Iron Fe wire, granules, powder, oxides, 
salts, complexes, Fe2O3, Fe3O4

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

Continued
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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 surface83; neat metal powders or blacks84; skel-
etal metals, e.g., Raney-type catalysts85; in situ reduced oxides (e.g., PtO2)

86; 
and amorphous metal alloys87 (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,88, 89 metal wires, foams90 to metal mesh.91 Most of these 
formulations are commonly used in large-scale industrial processes.92 In con-
trast, single crystals prepared of catalytically active metals are quite useful in 
studying surface science and mechanisms of heterogeneous catalytic reactions.93

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 

Metal Commercially available forms Applications

Cobalt Co powder, sponge, salts, CoO3, 
Co mixed (II/III) oxide

Hydrogenation, 
dehydrogenation, 
cyclopropanation, aziridination 
hydroformylation, Fischer-
Tropsch reaction

Gold Au powder, wire, sponge, salts, 
complexes, Au2O3

Hydrogenation, 
dehydrogenation, oxidation, 
hydration, hydrohalogenation, 
hydroamination, 
hydrothiolation, condensation, 
additions

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

TABLE 1  Catalytic metals that are commonly used in heterogeneous catalysis 
and their commercially available forms and application possibilities—cont’d
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to the relatively high amount of metal used and the high cost of these, especially 
the noble metals.84 Their large particle size and accordingly low active surface 
area mean that a large amount of the metal is not available to the reactants.94

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.g., NiAl, CoAl, etc.).34–36 One of the primary use of these metal-Al alloys is 
to prepare skeletal metal catalysts,85 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.85 Murray Raney developed the first 
method to prepare skeletal metal catalysts from a 50%–50% nickel-silicon al-
loy in 1924.34 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.95 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,96 Mo,97 Zn,98 Fe,99 Cu, and Co.100 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.22 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),101–103 methanol 
synthesis, hydrogenative dehydroxylation of glycerol to propylene glycol, or 
the catalytic gasification of biomass (Raney Cu).104–106

2.2.1.4  Noble metal oxides and hydroxides
Although limited in actual examples, the few commercially available metal ox-
ide or hydroxide-based catalysts,107 e.g., the Adams’ platinum (PtO2), 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,108 or 
organofluorine compounds,109 as well as in the hydrogenolysis of the cyclopro-
pane ring.110

Another typical example is the Pearlman’s catalyst, Pd(OH)2. 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 
couplings111; hydrogenation of complex molecules112; diastereoselective hydro-
genations113; hydrogenolysis of the cyclopropane ring114; and it is a typical de-
benzylation catalyst for protected alcohols and amines as well.115, 116

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.87, 117 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 
NaBH4 for the boron alloys and NaH2PO2 for the phosphorus alloys. Another 
way to prepare these alloys is via electrodeposition.118 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.119, 120 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.87, 121, 122 They are applied in oxidations,123 hydrogenations,117, 124–126 
or water oxidation.127, 128 In addition to synthetic applications, amorphous alloys 
are also commonly applied for the preparation of skeletal metal catalysts (vide 
supra).129 Recent reviews summarize the contemporary applications.130–132

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,31 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, Al2O3, or polystyrene); however, it also 
could contribute to the catalytic reaction (zeolites, clays, etc. that will promote 
bifunctional catalysis),133–136 or in the form of a self-supported catalyst.137 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.138 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 H2 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.135, 136, 139, 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.22, 141, 142

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.143 Depending on the catalytic application, the support can be inert 
or it can possess acidic, basic, or special electronic (insulator, conductor, etc.) 
properties.133, 134 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.

SiO2

Silica-supported metal catalysts are the oldest heterogeneous catalysts dating 
back to Sabatier’s pioneering works on catalytic hydrogenations.31, 144 These 
materials are based on various forms of silicon dioxide that can be prepared 
by a multitude of methods, e.g., from SiCl4 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.145–148 In other examples, 
the silica surface is applied for modifications and active catalysts are covalently 
bound to it.149 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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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.150

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 Composition/material
Supported metal 
catalysts

Silica SiO2, kieselguhr, 
mesoporous silicas (e.g., 
MCM-41, SBA-15, etc.)

Nearly all catalytically 
active metals

Alumina Al2O3 including a wide 
variety of samples

Nearly all catalytically 
active metals

Other metal oxides TiO2, CeO2 Nearly all catalytically 
active metals

Alkaline earth metal 
carbonates

CaCO3, BaCO3, SrCO3 Pd/CaCO3, Pd/BaCO3, Pd/
SrCO3

Carbon-based materials Activated carbon (AC), 
graphite, graphene, 
graphene oxide, fullerenes, 
and carbon nanotubes

Nearly all catalytically 
active metals

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

Many catalytically 
active metals, some are 
commercially available

Clays K-10, KSF, bentonite, 
montmorillonites

Some metals, usually 
tailored catalyst

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

Some metals, usually 
tailored catalyst

Biomass-based supports Chitosan, biomass ashes, 
metal‑carbonates, various 
carbon materials

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

Magnetic supports Fe2O3, Fe3O4 Applicable for all metals, 
generally tailored catalysts
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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.151 Amorphous silica is a commonly used 
catalyst support due to its thermal stability as well as tunable porosity and 
surface area.152, 153 Mesoporous silica materials became increasingly popular 
since the 1990s.154 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.155 They are particularly 
sought after due to the variable pore size (1.5–30 nm) and high surface area 
(800–1000 m2/g).151 These materials are viable catalysts on their own156 and 
will be discussed later under nonmetallic catalysts.

Al2O3

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.157 The members of the group are structurally different, sometimes 
even in their chemical composition. The simplest form, Al(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 Boehmite, γ, κ, α, δ, τ, ε 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 m2/g), pore volume (0.1–1.5 cm3/g), or 
pore size (2 nm to 170 μm).158–160 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.

Alumina-supported metal catalysts enjoy considerable popularity in het-
erogeneous catalysis ranging from hydrogenation, oxidation to coupling reac-
tions, or automotive applications.161 In fact, nearly every metal is produced in 
an alumina-supported form. In addition to the beneficial physical features and 

SCHEME 1  Interconversion of various alumina samples
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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.162

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.163–168 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 (TiO2) 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 TiCl4; the crystalline form of the product depends on the experi-
mental conditions used.169 Recent reviews focus on the preparation of TiO2 in 
its nanoparticle form.170 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 Ti4 + ions can be reduced to Ti3 + by hydrogen spillover, which 
makes it able to participate in strong metal-support interactions (SMSI). The 
most common application of TiO2 catalysts is in photocatalytic reactions171, 172; 
however, they are also applied as promoters.173, 174 There are several other ox-
ides, such as ceria (CeO2), or RuO2, that are also used in a host of applications 
ranging from photo- and electrocatalysis to water-gas shift reaction.175–178

Some other metal oxides (e.g., MgO) and alkaline earth metal carbonates 
(Ca-, Sr-, BaCO3) 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 CO2 activa-
tion,179 hydrogenation,180, 181 oxidation,182, 183 to methane activation.184 Likely, 
the Lindlar catalyst (5% Pd/CaCO3, 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 manner185, 186; however, recent applica-
tions extend the scope of this catalyst to the hydrogenation of vegetable oils187 
or azides.188

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.189, 190 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.191 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.192 Due to the extensive interest in these 
magnetically recoverable materials a number of reviews summarize the devel-
opments.193–195 Magnetic supports can be prepared in two major ways, either 
using uncoated196 or coated magnetic particles (Fig. 3).197, 198 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, Fe3O4, 
γ-Fe2O3, or MFe2O4 (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.199 
In many instances, activated carbon (AC) is commonly synthesized from bio-
logical sources, thus it can be considered a renewable material.200 The sources 
are quite broad from date or cherry stones, coconut shells, corn cob, or lignin 
just to list a few.201–203 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.199

Fe3O4 Fe3O4 Fe3O4

CarbonSiO2

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.204–206

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.207 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 applications.208–211

Carbon nanotubes (CNTs) are another group of the more recent forms 
of carbon.212, 213 They possess unique properties, such as high mechanical 
strengths and high thermal stability, which make them a good alternative to 
conventional catalyst supports.214, 215 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.216–220 In 
addition to the nanotubes, carbon nanofibers (CNF) are also frequently applied 
in catalysis.221–223

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).224 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.225 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,226, 227 metal-catalyzed 
couplings,225 and the polymerization of lactones.228 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.37

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.229, 230

In recent applications, polymers have been applied as support materials for 
nanoparticles.231 In order to extend the scope of these catalysts, renewable biopoly-
mers such as alginate or chitosan have been also applied as support materials.232–235

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, K2O, 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,236, 237  
as well as support material for metals.238

Several recent accounts provide in-depth information regarding these 
materials.239–241

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.242

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.243, 244
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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.245 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.246–251

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.252

Similar approaches exist for the immobilization of organocatalysts as well, 
using polymers and porous materials as supports.224, 253–255

2.2.4  Metal nanoparticle-based catalysts

Metal species with size below the μm 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.256, 257 As nanoparticles are often unstable 
on their own, stabilizers such as organic polymers or supramolecular assem-
blies are applied.258 The most commonly applied stabilizers are polymers,259, 260 
starch,261 organic ligands,262 ionic liquids,263 the surface fluorination of sup-
ported nanoparticles (e.g., on TiO2 support),264 or special heating methods.265

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.266 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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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.257, 267

2.3.  Nonmetallic catalysts

In addition to metal-based catalysts, there is a large and diverse group of materi-
als that are commonly used as catalysts, often on industrial scale. In an effort to 
replace harmful and corrosive mineral acids and bases, solid acids/bases have 
become the catalysts of choice in organic synthesis. The same way heteroge-
neous metal catalysis began with Sabatier’s hydrogenation studies,31 the cataly-
sis by nonmetal catalysts (aluminum oxide) was initiated by Vladimir Ipatieff 
in the early 1900s.268 Ipatieff’s discoveries led to early industrial applications 
and he is widely credited with the development of the process that allowed the 
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FIG.  4  Catalytic inverse phase transfer/hydrogenation of hydrophobic CC and CN group-
containing compounds in aqueous medium using β-cyclodextrin-stabilized Pd nanoparticles.
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preparation of high octane (~ 100 octane number) gasoline that was used in 
RAF aircrafts during WWII and allowed them to win the aerial battle over Great 
Britain.269, 270 After the early start with γ-alumina, several new solid acid cata-
lysts have been developed and applied. Solid acid catalysis has become a defi-
nite choice in industrial as well as laboratory applications. The traditional solid 
Brønsted, Lewis, and mixed acids such as metal oxides and natural aluminosili-
cates have been in use for over 50 years. Somewhat later, new materials have 
been introduced into the realm of solid acid catalysis, such as polymeric ion 
exchange resins (e.g., Nafion-H, Amberlyst, Dovex, Deloxane, etc.); heteropoly 
acids and their derivatives (e.g., H4[SiMo12O40] or H0.5Cs2.5[PW12O40]); immo-
bilized metal halides (e.g., ZnCl2, AlCl3 etc.) or triflates; sulfated metal oxides 
(e.g., sulfated zirconia) or natural and semisynthetic clays (e.g., montmorillon-
ite K-10, KSF, and their metal-doped derivatives such as ClayFen, ClayCop, 
etc.) and zeolites (e.g., HY, H-ZSM-5, and other modified or synthetic zeo-
lites) among many others. The other major nonmetal catalyst group is the solid 
bases. The traditional solid bases are well known for many decades, and some 
were mentioned above as catalyst supports for metals as they are frequently 
applied in bifunctional heterogeneous catalysis. These materials include mag-
nesium oxide, alumina, or alkaline earth carbonates. Later, other materials such 
as basic polymers (e.g., poly(vinylpyridine)) or basic, ion-exchanged clays, 
hydrotalcites or zeolites have been introduced to this group. In the following 
subchapters these materials will be discussed by the most common groups. Due 
to the limited scope of this chapter we will focus on giving a broad overview 
discussing general features of these catalytic materials instead of going into 
specific details regarding their structure or mode of action. Nonetheless, the 
literature regarding these catalysts is abundant and the reader is encouraged to 
consult with specialized accounts for more detailed information.271–284

Solid acid catalysts have become the catalyst of choice and are extensively 
applied in the synthesis of fine chemicals as well as in the pharmaceutical in-
dustry.285–289 In addition to their physical advantages such as practical utility, 
durability, easy separation, their chemical properties are also beneficial to fa-
cilitate their use in green synthesis. They are potentially recyclable, their cost is 
mostly low, and most of all, they exhibit high tolerance against water.290 Many 
of these materials possess additional interesting properties, one of these is being 
an excellent microwave absorber. This feature enables them to serve not only as 
a catalyst but also as an internal heating medium. Through this characteristic, 
many of these materials can promote solvent-free reactions which is an addi-
tional green benefit in applications.291–294

In addition to solid acid catalysts, solid bases are also important and can 
replace the very corrosive soluble bases such as NaOH or KOH. They are also 
much less sensitive to the carbon dioxide content of air that reacts with the 
earlier mentioned base solutions. Therefore solid base-catalyzed reactions and 
the catalysts themselves also attracted extensive attention as indicated by the 
substantial number of reviews regarding this topic.284, 295–300
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2.3.1  Metal oxides

The first extended group of solid acids is that of metal oxides.301–303 Although 
their surface acid strength is somewhat modest, they are broadly available and 
relatively inexpensive and constitute a versatile group of acid catalysts for or-
ganic synthesis.304 The most well-known members are common silica or acidic 
alumina catalysts that have been discussed before. The surface acidity of metal 
oxides can be adjusted with a sulfuric acid treatment, which results in the for-
mation of a special group commonly called sulfated metal oxides.305, 306 The 
sulfuric acid treatment appears to improve the Lewis acid character of the ox-
ides and at the same time results in stronger acidity. Some of these materials, 
particularly sulfated zirconia, are popular solid Lewis acid catalysts in a wide 
variety of synthetic transformations.307–311

Metal oxides are one of the oldest types of catalysts; see Ipatieff’s early 
works that established these materials as catalysts.268–270 Their broad applica-
tions and popularity were aided in part by the fact that many of these oxides are 
naturally occurring and cost effective; they became prominent in the mid-1950s 
after their catalytic potential was revealed.312 They constitute a class of inorganic 
materials that typically exist in crystalline solid form containing metal cations 
and oxide anions. They exhibit specific surface defects and environments that 
are largely responsible for the widely varied properties attributed to them. In 
particular, the presence of O2 − anions, typical of metal oxides, is observed at 
the surface because their size is superior to that of metal cations. The existing 
unsaturations are usually counterbalanced by a reaction with water generating 
hydroxyl groups, further conferring acid/base properties. Nonstoichiometric 
features can also give rise to vacancies (e.g., cation deficiency) contributing 
to interesting redox and electronic behavior. Accordingly, these catalysts have 
numerous applications in the laboratory as well as at the industrial level, in 
particular, they are widely employed for acid/base, oxidation, and selective in-
dustrial catalytic processes.312, 313

The metal oxides term covers a wide range of catalysts including one-, two-, 
or three-dimensional simple oxides such as silica, alumina, layered clays, zeo-
lites, titania, zirconia, zinc oxide and copper oxide, porous and mesoporous 
metal oxides, and complex or mixed oxides such as polyoxometalates (POMs) 
of Keggin or Dawson type (the conjugate bases of heteropolyacids), phosphates 
(e.g., silica phosphoric acid, VPO), multicomponent mixed oxides (e.g., molyb-
dates, antimonates, tungstates), hexaaluminates, perovskites, etc.314

Simple oxides having the formula MxOy usually possess structures based on 
cubic or hexagonal packing of oxygen atoms with the octahedral or tetrahedral 
sites (or both) occupied by the same metal ions, whereas mixed oxides have two 
nonequivalent metal sites similar to the spinel structure with the general formula 
AB2O4.

315, 316 Simple and mixed oxide catalysts and some typical industrial ap-
plications are presented in Table 3. It should be noted that heteropoly acids, 
zeolites, MOFs, and clays are not included because they will be detailed in the 
following separate sections.
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Concerning the synthesis of metal oxides, it is crucial to control parameters 
such as the morphology, the porosity, and the surface area in addition to the ther-
mal, chemical, and mechanical stability as these properties will determine the 
activity and robustness of the catalyst. The synthetic routes to prepare simple 
oxides and mixed oxides are different. For simple oxides, common approaches 
include aqueous-phase precipitation, sol-gel methods, and solvothermal synthe-
sis. They all rely on the reaction of water or an organic solvent with inorganic 
precursors.140, 312 Notably, the sol-gel method is a process during which the raw 
materials are dispersed in solution and undergo condensation-polymerization 
steps after formation of an active monomer as illustrated in Scheme 2.319 For 
the solvothermal method, the medium can be anything from water to organic 
solvents, and the synthesis occurs in a closed vessel with controlled tempera-
ture and pressure. Thus it allows a precise control over the size distribution, the 
shape, and the porosity.

Parallel methods employing a surfactant as a template were developed to 
maximize the specific surface area.320 Often, the obtained materials are further 
activated by thermal treatment to eliminate colloidal template and inorganic 
anions.

TABLE 3  Simple and mixed metal oxide catalysts and their major 
applications.

Metal oxide Typical applications Ref.

TiO2 Major component of denitrification 
catalysts and photocatalysts

314

Fe2O3 Fischer-Tropsch reactions 314

Cu-Cr oxides Hydrogenations 314

AlPO4 Acid-catalyzed reactions, polymerization 314

Sn-SB oxides Selective oxidation 314

FeO or mixed oxides Zn, 
Cu, Cr

Water-gas shift reaction 314

Fe2O3/SiO2 H2S oxidation to SO2 and H2SO4 314

Fe3O4 Friedel-Crafts acylation 317

CuO, Cu2O CO and NO oxidation 318

ZnO, Cr2O3, CuO Ethylene + HCl + O2 to dichloromethane
Aromatic carboxylic acids hydrogenation 
to aldehydes

312

Zirconia Aromatic carboxylic acids hydrogenation 
to aldehydes

312
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For mixed oxides, the most common approach is to coprecipitate two metal 
salts by mixing them in a solution and initiating the precipitation by carefully 
selecting the appropriate base at a given pH. The resulting precipitate is then 
calcined under specific atmosphere.312

While the properties of synthetic metal oxides can easily be tuned by adjust-
ing experimental parameters such as the pressure, the temperature, or the pre-
cursors, various techniques exist to further improve the catalytic properties of 
metal oxides.321 Notably, their features can be enhanced by the addition of other 
chemicals, a process called doping. Doped metal oxides have other cations sub-
stituting the host cation and these exchanges disrupt the original structure and 
will modify the catalytic properties.322 Another common way to improve the 
acidity and catalytic performance of several metal oxides is to prepare anion-
modified metal oxides. Although there are several such catalysts, the most suc-
cessful and commonly applied is sulfated zirconia, first reported in the 1960s.310
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Supported metal oxide catalysts, consisting of an active form of metal oxide 
dispersed on a high surface area oxide support, provide another solution to en-
hance the catalytic activity.323, 324 In particular, the metal oxide and its support 
can achieve a synergetic activation of substrates and increase the thermal and 
electron conductivity among other properties.

2.3.2  Heteropoly acids

Heteropoly acids (HPAs) are fundamentally different from other nonmetallic 
catalysts; they are made of hydrogen, oxygen, heteroatoms, and metals. HPAs 
can be characterized as clusters of transition metal oxides that develop various 
structures. They have a unique property, that makes them generally soluble both 
in water and a variety of organic solvents.325, 326 One of the common methods 
that turn HPAs to insoluble solids, thus true heterogeneous catalysts, is to pre-
pare their salts using large cations such as cesium.327–329 These materials pos-
sess negligible solubility in either hydrophilic or hydrophobic media, presenting 
a strong potential for the recycling of these catalysts, in most cases, without 
significant loss in activity.330 After an HPA salt-catalyzed reaction, the catalyst 
can easily be separated from the reaction mixture by filtration, centrifugation, 
or evaporation, and then washed with proper solvent, dried, and reused for an-
other consecutive cycle.331 In addition, HPAs are generally regarded as safe and 
green; they exhibit minimal toxicity and they are mildly to noncorrosive.

HPAs are often categorized according to the structure of the heteropolyanion 
forming the fundamental unit called the primary structure. The connection of 
these heteropoly anions by hydrogen bonding generates the secondary structure 
as shown in Fig. 5.332, 333

HPA salts possess unique superacidic and multielectronic properties, hence 
they have the ability to operate as strong acids and multielectron oxidants. In 
fact, their acid strength is substantially stronger than that of H3PO4 and usual 
inorganic acids such as HCl, H2SO4, and HNO3.

330 Consequently, HPA salts 
are highly active catalysts employed for a range of organic transformations go-
ing from redox to acid/base reactions.334–336 These materials have successfully 

Primary structure PW12O40
3-

H5O2
+

FIG. 5  Secondary structure of Keggin HPAs.
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catalyzed alcohol dehydration, alkylation, esterification, hydrolysis, polymer-
ization, and oxidation among other reactions.337, 338 Generally, the mechanism 
involved in HPA-catalyzed reactions starts with protonation of the reagents 
followed by the conversion of the ionic intermediates to the corresponding 
products. The yields and reaction rates are often related to the number and the 
strength of surface active sites. The most common HPA types with their applica-
tions are summarized in Table 4.

The conventional preparation of HPA salts involves mixing the cationic and 
anionic species in solution; the precipitate, being too small to filter can be iso-
lated by solvent evaporation.345 Some salts require further calcination to be-
come compositionally uniform.

Because some HPAs suffer from a rather low surface area,341 the inclusion 
or entrapping of the HPAs into an inorganic or organosilica matrix is commonly 
performed.346, 347 In this case, HPAs can be used in their original form, not as 
salts, because the heterogeneity is provided by the solid support. Such sup-
ported HPAs are prepared by impregnation of the salt onto silica (interactions 
occur between Si-OH and HPA molecules) or other inert supporting material, 
followed by drying and calcination.345 Mesoporous silica and mesoporous silica 
molecular sieves are ideal supports for HPAs as their pores are large enough 
to host them and they do not cause decomposition.348 Supported HPAs have 
demonstrated high catalytic activities and selectivities in comparison to the par-
ent HPAs for organic transformations such as Friedel-Crafts reactions, dehy-
dration, aldol condensation, and oxidation reactions, as well as acetalization, 
Beckmann rearrangement, and syntheses of heterocyclic compounds.348 There 
are examples for immobilizing HPAs onto the surface of magnetic supports for 
even easier separation.349

2.3.3  Clays

Clay catalysts, along with zeolites, are aluminosilicates and probably one of 
the most often applied solid acid catalysts primarily in the laboratory practice. 
Although the early efforts focused on natural materials, their structure and cata-
lytic properties inspired extensive efforts on the modification of natural clays to 
semisynthetic and modified derivatives.17, 271, 273, 276

Structurally, clays are aluminosilicates constituted of multiple layers of poly-
hedrons such as tetrahedral silicon oxides and octahedral hydrous alumina.350 
Each aluminosilicate layer generally consists of one (1:1 type) or two (2:1 type) 
silicon oxide tetrahedral sheets bonded to one aluminum or magnesium oxide 
octahedral sheet by electrostatic and hydrogen-bonding forces in a sandwich 
fashion.351 Clays can be classified into two categories: the negatively charged 
clays that welcome balancing cations in their interlayer space (e.g., smectite, 
vermiculite, mica) and the positively charged clays possessing counterbalancing 
anions instead (e.g., chloride).17 While the first class is most commonly pre-
pared from natural sources of clays, the second class is often synthetic because 
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TABLE 4  The four most common HPA types, their general formula and typical examples of organic transformations they catalyze.

HPA type Formula Representative example of catalyzed transformation Ref.

Anderson HxAy[BD6O24]·zH2O (NH4)4[ZnMo6O18(OH)6] Oxidation of halides to aldehydes or ketones 339

(NH4)4[CuMo6O18(C5H9O3)2] Addition of CO2 to epoxides to form cyclic 
carbonate

340

Keggin HxAy[BD12O40]·zH2O H3PMo12O40 Oxidation of sulfides to sulfoxides 341

H3PW12O40 Friedel-Crafts alkylation of indoles 342

Preyssler HxAy[B5D30O110]·zH2O H14[NaP5W30O110] Synthesis of hydroxytriarylmethane from 
2-sulfobenzoic anhydride and phenols

342

H14[NaP5W29MoO110] Esterification of cinnamic acids with phenols and 
imidoalcohols

343

Well-Dawson HxAy[B2D18O62]·zH2O H6P2W18O62 Three-component synthesis of 2-amino-chromene 
derivatives

342

H6P2W18O62 Synthesis of quinoxaline via condensation of 
1,2-dicarbonyl compounds with  
o-phenylenediamine

344

A = Li, Na, K, Rb, Cs, Mg, Ca, Al, NH4, an ammonium salt, or a phosphonium salt; B = P, Si, As, or Ge; D = Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Zr, Nb, Mo, Tc, Rh, Cd, In, Sn, 
Ta, W, Re, and Tl.
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they are less frequent in nature. Notably, the cationic smectite clays are derived 
from the minerals talc and pyrophyllite possessing neutral interlayer that are 
rendered negatively charged by isomorphous substitution of a metal ion by an-
other of different valence (e.g., Si(IV) by M(III), Mg(II) by M(I), or Al (III) by 
M(II)).352 Consequently, the negative charge is compensated by cations. The 
general structure of common clays is represented in Fig. 6.

Clays have demonstrated remarkable catalytic activity because they have 
the ability to act as a microreactor capable of initiating reactions on account 
of their porous structure within which molecules can interact in specific ways 
and on account of their inherent properties such as adsorption-, swelling-, and 
ion-exchange capacities.165, 166, 353 Depending on the type of clay and its proper-
ties, various transformations can be catalyzed.354, 355 Notably, the widespread 
cationic clay montmorillonite, member of the smectite group,356 exhibits an 
excellent adsorption capacity in addition to a high surface area and interest-
ing acidic properties which altogether contribute to its success as catalyst in 
various reactions, including Friedel-Crafts alkylation, oxidative deprotection, 
nucleophilic additions, and many others.357–359 On the other hand, the negatively 
charged clays exhibit anion adsorption, anion diffusion, and exchange proper-
ties together with surface basicity which open up other applications possibili-
ties, also including the catalysis of organic transformations.356

Clays can be used directly in their natural form or after undergoing chemical 
or thermal treatments or a combination of the two in order to remove impurities 
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FIG. 6  Schematic representation of the generic structure of common clays.
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and enhance specific properties.360 In particular, the acidic properties of clays 
can easily be enhanced by an acidic activation method during which a mineral 
acid solution is applied such as phosphoric acid, sulfuric acid, or nitric acid.361 
The resulting materials exhibit improved acidity and increased number of active 
sites and surface area. Montmorillonites K-10 and KSF, both acid-treated mont-
morillonites, are the most widely used acidic clays in the field of clay-catalyzed 
organic chemistry.362 Concerning thermal treatments, they have the ability to 
modify the concentration of hydroxyl groups directly related to the clay acid-
ity.363 Interestingly, the total surface Brønsted acidity increases with heating 
until a certain temperature (around 120°C), due to enhanced dissociation of the 
interlayer water molecules, after which the Brønsted acidity decreases due to 
the complete removal of the water. In parallel, the amount of Lewis acid sites in-
creases with increasing temperature due to the dehydration and dehydroxylation 
process (Fig. 7).365 Pillared clays constitute another modification to improve the 
properties of the clay by making the active sites more accessible. Modification 
of natural clay minerals by pillaring involves the exchange of existing cations 
with robust inorganic molecules forming oxides strongly bound to layers of the 
minerals. The method allows for opening of the clay layers, producing high re-
sistance and thermal stability, increased porosity, and surface area among other 
benefits.366

2.3.4  Zeolites

Heterogeneous catalysis by zeolites is one of the most active areas of catalysis 
research; zeolite-based catalysts certainly dominate industrial applications in 
the nonmetallic catalyst segment. They are widely used in a large number of 
protocols from industrial processes to automotive applications, and thus are fre-
quently the topic of reviews.367–371

Similarly to clays, zeolites are also aluminosilicates; however, in contrast 
to the layered structure of clays, zeolites exhibit a well-defined channel and 
cage-based framework,372–375 or less commonly a lamellar structure.376 Most 
zeolites are composed of aluminosilicate sheets although the layers can be 
a combination of both silicates and aluminosilicates.376 They are built from 
interconnected tetrahedra made of oxygen, silicon, and aluminum, which 
correspond to the primary building units (Fig.  8). These units then undergo 
assembly to form secondary building units, themselves serving as higher level 

FIG. 7  Schematic representation of a possible structure of Brønsted and Lewis active sites for an 
aluminosilicate material.364
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building blocks for the composite building units (such as the sodalite cage) 
further combining to constitute the final structure of the zeolite. As a result, 
the arrangement of atoms creates a network of one, two, or three channels of 
molecular dimensions.377, 378

Zeolites possess great ion exchange capability, high surface area, an inter-
connected channel network in addition to high adsorption ability, a combination 
of these generates interesting behavior for different applications, mainly cataly-
sis, separation or adsorption applications. These beneficial features highly de-
pend on the type of zeolite and their individual characteristics.379 For instance, 
the number of charges (extra framework cations and framework Si/Al ratio) has 
an influence on the hydrophilicity of the zeolites which are therefore more or 
less selective adsorbents for polar or nonpolar molecules. The morphology of 
the channel network, on the other hand, can favor catalyst-substrate interactions 
and confinement effects. Similarly, the number of redox or acidic active sites of 
the zeolite has an impact on the activation of reactants in catalytic reactions.380 
As mentioned before, the three-dimensional structure and the chemical com-
position, notably the ratio of silica to alumina, vary in each zeolite type, the 
general formula being Mx/mAlxSi1 − xO2. Given the multiple combinations of 
structure and composition, several hundreds of natural and synthetic zeolites 
exist.381 Commercially available zeolites include Silicalite-1 and ZSM-5 (MFI), 
Linde Types X and Y (Al-rich and Si-rich FAU), Linde Type A (LTA), ferrierite 
(FER), beta zeolites (BEA), the mordenite family (MOR), and the Linde Type L 
family (LTL) among others.382 Their respective Si/Al ratio, their origin as well 
as common applications for each are presented in Table 5. Despite the many 
existing zeolitic materials, the development of new synthetic methods for their 
preparation is an ongoing process.384–387

Examples of structure of zeolites are presented in Fig. 9.
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FIG. 8  Common building blocks for clays (A) and zeolites (B).



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

50  Heterogeneous catalysis in sustainable synthesis

TABLE 5  Commercially available common zeolites, their properties and 
applications.383

Zeolite type Origin Ratio Si/Al Common applications

MFI: Mobil Five Synthetic > 10 Catalysts in petroleum 
field and for fine 
chemical synthesis

FAU: Faujasite Synthetic mostly 1–4 Catalysts

LTA: Linde Type A Synthetic 1 Ion exchange

FER: Ferrierite Natural and 
synthetic

5 Catalysts, separating 
agents

BEA: Beta Synthetic > 5 Catalysts, adsorption 
agents

MOR: Mordenite Natural or 
synthetic

5 Catalysts, separating 
agents

LTL: Linde Type L Synthetic 1–6 Catalysts in petroleum 
chemistry, adsorption 
agents

Common secondary building units

Composite
building unit

Sodalite unit

Zeolite Y (Faujasite)

Zeolite A (LTA)

12-ring center

8-ring center

(β -cage)

FIG. 9  Examples of basic zeolite structures constructed from the so-called sodalite unit.
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Synthetic zeolites are usually prepared under hydrothermal conditions in-
volving a process that can be described as multiphase (liquid phase and amor-
phous/crystalline solid phase) reaction-crystallization. The reaction usually 
occurs at temperatures above 100°C in alkaline medium with amorphous reac-
tant precursors containing silica, alumina, and a cationic source.388 An alterna-
tive synthetic pathway, performed at neutral pH, is based on fluoride-containing 
compositions such as mineralizing media, usually providing reduced nucleation 
rates giving rise to larger crystals.389

A notable limitation of zeolites lies in the slow mass transport of reagents 
in the micropores and even more so when bulky molecules are involved in the 
catalytic reaction.380 Synthetic and postsynthetic strategies such as supramolec-
ular self-assembly and in situ synthesis using organic template molecules have 
been designed to improve the control of the mesoporous structure of the zeolite, 
thus significantly enhancing mass transport.390 It should also be stressed that, 
although zeolites are strong acids at high temperatures, their acidity is moder-
ate at the common temperature range of most organic syntheses. Here again, 
significant efforts were undertaken to prepare zeolites with enhanced catalytic 
activity. Their tunable structure can easily be taken advantage of by exchanging 
the cations or introducing specific active sites by functionalization with organic 
moieties, thus modulating the existing electronic features.391 These advances in 
the development of novel synthetic routes have largely contributed to the broad-
ening of the scope of zeolitic catalysis.392

2.3.5  Ion exchange resins

Ion exchange resins are versatile materials possessing a modulable framework 
based on cross-linked copolymers bearing functional groups that can partici-
pate in ion exchange.393 Resins can be either cationic or anionic with different 
intensities of acid or base exchange abilities depending on the nature of the 
functional group. Accordingly, they can therefore be classified into four main 
groups: (1) cationic resins with strong acid exchange ability, and (2) with weak 
acid exchange ability; (3) anionic resins with strong base exchange ability and 
(4) with weak base exchange ability. Although the common functional group for 
the first category is the sulfonic acid group, the second category of resins usu-
ally bears carboxylic acid groups with much weaker acidity. Regarding anionic 
resins, strong and weak base exchange properties are often provided by quater-
nary ammonium groups and ammonium groups, respectively.393 Another dis-
criminating factor between resins is the degree of cross-linking, which controls 
the porosity. Typically, high cross-linking percentage results in macroporous 
structures whereas low cross-linked resins display a microporous gel structure, 
with resulting higher moisture content and loading capability.393

Depending upon their pore size, chemical structure, and formulation, ion ex-
change resins are useful in a number of transformations.145, 394, 395 In general, in-
dustrial applications of cationic exchange resins as solid acid catalysts include the 
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dehydration of alcohols to olefins or ethers, the alkylation of phenols to alkyl phe-
nols, olefin hydration to form alcohols, ester hydrolysis, and other reactions.396 
More specifically, the sulfonic acid-based functionalized cationic resins Amberlyst 
and Nafion are commonly employed in numerous catalytic processes.397 While 
the Amberlyst type is based on a polystyrene-sulfonic acid motif, Nafion pos-
sesses sulfonic acid entities attached to a perfluorinated backbone that enhances 
its acidity to the superacidic level due to the high electron withdrawing character 
of fluorine. Amberlyts are able to catalyze transesterifications, Michael addition, 
Prins cyclization, Friedel-Crafts alkylations, protection of carbonyls, deprotection 
of acetals, cleavage of epoxides, crossed aldol condensations, and synthesis of 
quinolines, among others.395 Nafion-H has been a commonly applied solid acid 
catalyst for a broad variety of synthetic reactions, such as oxidation, protection, 
and deprotection of alcohols and carbonyl containing compounds, Friedel-Crafts 
alkylations and acylations, as well as rearrangements.398 Both ion exchange resin 
types offer the possibility to catalyze the aforementioned reactions under environ-
mentally friendly conditions and unless the reaction temperature is too high, they 
appear recyclable with or without regeneration.393, 399–402

The synthesis of ion exchange resins entails a two-step process: a polym-
erization step involving two distinct polymer precursors followed by a func-
tionalization step introducing an anion or a cation to produce an acid or a base 
exchange site on the resin, respectively. These sites can be exchanged with other 
metal ions to alter the basic properties.403 Scheme 3 illustrates an example of the 

SCHEME 3  Schematic polymerization/functionalization for the preparation of an anionic ex-
change resin.
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preparation of an anionic exchange resin from chloromethyl styrene copolymer-
ized with divinylbenzene.404

It should be mentioned that the BET surface area of common ion exchange 
resins including Nafion-H is rather low (~ 9 m2/g) and they often suffer from 
poor porosity. To address these issues and fully take advantage of the strong 
acidity of Nafion-H, small Nafion-H particles can be trapped in a porous silica 
network significantly enhancing both the BET surface and the number of avail-
able active centers.405–407

2.3.6  Metal-organic frameworks

Metal-organic frameworks (MOF) are crystalline and porous compounds that 
are composed of organic linkers and inorganic metal ions.408 Unlike zeolites 
that have a restricted number of structures, the hybrid nature of MOFs allows 
a broad array of ligand/metal cluster combinations yielding practically infinite 
structural possibilities with tunable properties. Indeed, a major advantage of 
MOFs is that their pore size, shape, and chemical composition can be precisely 
controlled by the appropriate selection of the starting materials.

MOFs generally exhibit high porosity and internal surface area that are 
largely responsible for the broad application possibilities, including gas stor-
age media, adsorbents, and catalysts.409, 410 It should be noted, however, that 
MOFs as catalysts are relatively limited in terms of thermal and chemical sta-
bility, excluding them from reactions performed above 300°C as it is the case 
for oil-refining or petrochemical processes. Nonetheless, they hold a great 
potential for catalytic applications in the synthesis of fine chemicals carried 
out at lower temperatures.411 These materials usually are robust catalysts mini-
mally prone to deactivation. In addition, the possibility to synthesize MOFs 
incorporating dual metal/acid sites with high density is of great interest. These 
materials are commonly applied in acid,412 base,413 and redox414 even solid/
gas phase415 catalysis. The incorporation of chiral linkers extends the potential 
applications of MOFs to asymmetric catalysis. Therefore MOFs not only have 
the ability to enhance the reaction rate but also to control the selectivity of a 
given organic reaction.411, 416

There are an extensive number of protocols for the synthesis of MOFs. 
The most common method is the self-assembly approach, which includes the 
mixing of two solutions, one contains the organic and the other the inorganic 
components, respectively. The process is often carried out under solvothermal 
conditions producing a crystalline framework.417 Metal-carboxylate clusters are 
common secondary building blocks acting as nodes in the MOF architecture. 
The metal cluster links together with the carboxylates, such as terephthalic acid, 
to form a periodic network of the building blocks (Fig. 10).

Although the presence of the organic component makes it possible to in-
troduce any number of chemical moieties, the functionalization of MOFs is 
somewhat limited by the solvothermal synthetic methods, causing solubility or 
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thermal instability issues for the ligands.419 Therefore, in addition to developing 
protocols to build MOF structures from their individual building blocks, the 
postsynthetic functionalization of existing MOFs also attracted significant at-
tention. It allows the introduction of new physical properties or chemical behav-
iors and therefore broadens the application scope of MOFs as catalysts. Fig. 11 
illustrates two different approaches to encapsulate Brønsted acids within the 

FIG. 10  A schematic assembly of a metal-organic framework with examples of metal cluster/
organic linkers.418

Brønsted acid

Brønsted
acid

metal ion

organic
linker

organic
linker

metal ion

(A)

(B)

FIG. 11  Schematic illustration of encapsulation of Brønsted acids within MOFs: (A) two-step 
method and (B) one-step method.
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framework of MOFs: in the first the acid is added to the preformed MOF (two 
steps), in the second the acid is present during the MOF synthesis and the MOF 
grows around the encapsulated acid (one step).412

2.3.7  Other nonmetallic catalytic materials

2.3.7.1  Molecular sieves, pillared layer solids, and other 
mesoporous solids
Structurally similar to clays and zeolite molecular sieves, the synthesis and cata-
lytic applications of pillared layered solids and ordered mesoporous materials 
have also attracted extensive interest.420

Mesoporous inorganic solids possess pore diameters of 20–500 Å which 
discriminate them from microporous materials with a crystalline framework. 
The particular advantage of these mesoporous molecular sieves therefore lies 
in the size of the pores that make them suitable catalysts for the transforma-
tions of large molecules. The synthesis of such mesostructures is traditionally 
performed in the presence of surfactant micelles as directing agents to allow a 
precise control of the pores and tailored dimensions of the obtained channels 
(Fig. 12).421 The first mesoporous molecular sieves referred to as the “M41S 
family” were developed in the 1980s by a Mobil group and continues to be 
widely used; it is now commonly identified as MCM-41.422

Another highly popular mesoporous material is the commercially available 
Santa Barbara Amorphous-15 (SBA-15).423 SBA-15 has been widely applied in 
heterogeneous catalysis due to its versatile properties, such as the comparatively 
thicker walls and the excellent thermal and mechanical stability.424 It is used as 
acid-doped material425 or as a support for metal catalysts.426

Pillaring is an interesting approach transforming a layered crystalline inor-
ganic material into a thermally stable material with hierarchical porosity while 
retaining the initial layered structure. Therefore a pillaring agent is a compound 
that can be intercalated between two adjacent layers inducing an additional level 
of pores between the layers.427 The resulting material possesses tailored pore 
size and volume, controlled accessibility to the active sites in addition to a high 
surface area.428 These materials are usually described as 3D pillared layers, 2D 
pillared bilayers, interpenetrated and interdigitated layers. In addition, they are 
also used in conjunction with metal-organic frameworks.429 A representative 
example of a pillared layer material and its possible applications is pillared 

Pore

Mesoporous material

Template
elimination /
Calcination

CondensationSelf-assembly
Micelle

Inorganic
precursor

FIG. 12  Synthesis of mesoporous materials via surfactant templating.
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layered perovskite oxides (HLaNb2O7 with SiO2, or TiO2 in the interlayer) that 
demonstrated excellent activity for the dehydration of alcohols.428 Pillared clays 
(PILCs) are also commonly used as catalysts, especially in acid-catalyzed reac-
tions but also in the synthesis of fine chemicals which includes hydroxylation, 
esterification, epoxidation, alkylation, hydrogenation, aromatization, and re-
duction of nitroso compounds.354, 428, 430 In general, it is observed that the pil-
lared clays exhibit better performance than that of the parent clays.

2.3.7.2  Composites and related materials
Composite materials are also frequently applied as solid acid catalysts. The ma-
jor groups that belong to this category are (i) carbon-, (ii) ionic liquid-, and (iii) 
carbon silica composite-based solid acids.

The first group includes carbon composites that are commonly sulfonated, 
which results in highly acidic and effective solid Brønsted acid catalysts.431 
These materials are similar to oxidized graphite with its layered structure and 
carboxylic acid groups. However, the sulfonation used in this case will result 
in a high density of sulfonic acid groups, which ensures much stronger acidity. 
Depending on the preparation method, the density of the sulfonic acid groups 
in these materials is five times higher than that of Nafion-H, although the acid 
strength will not be as high. These catalysts are synthesized from renewable 
materials, such as natural carbohydrates, e.g., starch, cellulose etc., by partial 
carbonization and a subsequent sulfonation.432 The applications are broad, from 
typical acid catalysis to Suzuki coupling and oxidation with metal-doped de-
rivatives.433 Special examples include the application of carbon nanotubes as 
the carbon material,434 or metal/carbon composites to broaden their use to metal 
catalysis as well.435

The next group includes ionic liquid-based composites. Traditionally, these 
materials are prepared by immobilizing ionic liquids on solid surfaces, e.g., 
sulfonated silica.436–438 Additional examples are ionic liquid coated sulfonated 
carbon-silica composites that are versatile solid acid catalysts for aqueous phase 
organic synthesis.439 More recent examples include the preparation and applica-
tion of IL-polymer composites.440

The last group, the sulfonated carbon-silica composites, has also been 
frequently applied as catalytic materials441, 442 in numerous acid-catalyzed 
reactions, such as Hantzsch cyclization,443 multicomponent synthesis of het-
erocycles,444 Michael addition of indoles to α,β-unsaturated ketones,445 che-
moselective protection of aldehydes, and C, N, O-acylations.446 Overall, the 
preparation of nanocomposite materials often results in novel catalyst with po-
tential synergistic effect of the individual components.447

A new emerging class of solid acids is the so-called nanoacids that are the 
nanomaterial form of traditional polymer-supported acid catalysts, essentially 
polymer-based nanoparticles functionalized with sulfonic acid groups.448 These 
materials are prepared by traditional polymerization methods, such as emul-
sion polymerization, using reactive surfactants. The structural foundation of the 
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material is formed by the polymerization of the mixture of styrene and divinyl-
benzene to achieve appropriate level of cross-linking under specific conditions. 
Octylbenzene sulfonic acid was used as the surfactant, to ensure the deposition 
of the benzenesulfonate moiety on the surface of the particles. The obtained 
catalyst exhibited high activity and selectivity promoting the synthesis of ure-
thane from isocyanate and alcohol. Nanoacids possess an obvious theoretical 
potential to show greater catalytic activity than traditional polystyrene-based 
sulfonic acids (e.g., Amberlyst-15) due to their larger surface area. However, 
this potential is yet to be achieved and extensively documented in practical, 
acid-catalyzed organic synthesis; the few examples that are available in the liter-
ature are promising, but more data are needed.448 It is worth noting that the term 
nanoacid has already been coined for heteropolyoxometalate-based materials 
that possess strong acidic properties and prepared as nanoparticles.449

Finally, an emerging new area of acid catalysts is the application of carbon-
based catalysts commonly referred to as carbocatalysis. Many of these catalysts 
are derived from some form of biomass, thus these catalysts represent a step 
toward sustainability in heterogeneous acid catalysis.218, 450 The elemental com-
position of these catalysts is mainly, though often functionalized, carbon that 
acts similar to organocatalysts, however, not as individual compounds, rather 
as a carbonaceous material. These materials are well known; they are mostly 
unwelcome catalyst poisons or modifiers in metal catalysis.451 When the carbo-
naceous material forms under controlled conditions the particle size is often in 
the few nanometers range and the obtained material can catalyze reactions such 
as oxidation, reduction, or acid-base reactions. Other forms of carbon, such as 
graphene, are also frequently used in carbocatalysis.452

2.4.  Conclusions and outlook

Catalysts from metal-based to nonmetallic materials have been reviewed in this 
chapter. While the relevant available literature is extensive, topics presented in 
subchapters could fill entire books, it was our intention to provide a broad over-
view and describe a scope as broad as possible. Although the traditional fields, 
such as metal-catalytic hydrogenations, or coupling reactions still apply well-
known catalysts, in the past few decades a large number of new materials have 
been introduced to the preparation of heterogeneous catalysts. In some cases 
they serve as actual catalysts, in some others as a support material. These new 
materials include metal-organic frameworks (MOFs), new synthetic zeolites, 
or graphene-based samples. In addition to new materials, the introduction of 
nanoparticles to heterogeneous catalysis has been of major importance in this 
field. Nanoparticles appear to significantly contribute to the synthesis of highly 
active catalysts, metal or otherwise. It is safe to expect that these two trends 
will continue in the next decade or so, by new synthetic materials being intro-
duced, and unambiguously we will also see a dynamically growing number of 
catalytic applications of nanoparticles. At the same time, some concepts that 
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were encouraging but have not fulfilled their promise (e.g., immobilized metal 
complexes or organocatalysts) will likely see a decline in activities. All in all, 
the demand for environmentally benign, stable, and nontoxic catalysts is con-
tinuously growing, which will ensure that the development of solid catalysts 
will remain a thriving and active field in the future.
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Chapter 3

Application of heterogeneous 
catalysis in the development 
of environmentally benign 
synthetic processes
The earlier chapters covered the discussion of the historical background of het-
erogeneous catalysis, its fundamentals, and the classification of solid catalysts 
including their preparation and characterization. The entirety of this chapter 
will detail the application of these principles and catalysts in practical synthetic 
processes. Here, we provide a short introduction to the upcoming subchapters 
that will discuss the individual contributors to heterogeneous catalytic synthesis.

Based on the importance of heterogeneous catalytic methods, they have 
been frequently reviewed. There are many seminal books1–9 and major ac-
counts10, 11 that time to time provided extensive background regarding these 
processes. One of these books, Augustine’s Heterogeneous Catalysis for the 
Synthetic Chemist,12 was focused on the application side of heterogeneous ca-
talysis, with particular attention to processes that are related to organic synthe-
sis. Although it is an excellent summary of the progress until its publication in 
1996 it has been published 25 years ago and several processes, such as metathe-
sis or cross-coupling reactions, are not covered in it. Our goal with the following 
subchapters was to give detailed accounts on the individual processes that pro-
vide representative illustrations of the current advances made in those fields. In 
addition to providing the state of the art in the respective fields, the major focus 
of our attention will be on environmentally benign and sustainable applications. 
Keeping the major principles of green chemistry and engineering13–15 in mind, 
we will select examples that fulfill several principles; or even if not completely 
green, the processes will be a step forward as compared to more traditional pro-
tocols, from the point of view of environmental responsibility.

Here we only list the mainstream processes that are the major contributors to 
efforts that aim to improve the pharmaceutical and chemical industries to better 
meet the current environmental and safety requirements. In that respect, exten-
sive separate subchapters will follow on hydrogenation, hydrogenolysis, oxida-
tion, metathesis, Friedel-Crafts and related reactions, cross-coupling reactions, 
multicomponent reactions, ring transformation, rearrangements, and finally 
asymmetric reactions. In each case the focus will be on synthetic applications; 
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however, other aspects such as potential environmental uses (e.g. dehalogena-
tion or dehydrosulfurization, etc.) will also be discussed.

A large part of recent efforts in green and sustainable chemistry focuses on 
the conversion of biomass to valuable chemicals, such as pharmaceuticals and 
fine chemical building blocks, commonly called as biovalorization, that is more 
important today than ever.16 The continued reliance on the currently used min-
eral oil-based feedstock is not sustainable due to the limited supply available. 
Additionally, the use of fossil fuels negatively affects the carbon balance of the 
planet thus significantly contributing to global warming. As a result, phasing 
out these materials in the chemical industry and replacing them with sustain-
able resources are of utmost importance.17–19 Despite its unique nature, biovalo-
rization still applies the common transformations, such as hydrogenolysis or 
acid-catalyzed cleavage, etc. as discussed before. Thus, instead of devoting a 
separate chapter to heterogeneous catalytic biovalorization itself, the relevant 
information will be included in the other methodology-based chapters discuss-
ing the contribution of the individual methods to biovalorization right at the 
source, where the technical details are provided.
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Chapter 3.1

Hydrogenation

3.1.1  Introduction

Reduction is a fundamental transformation in organic synthesis.1–3 Hetero­
geneous catalytic hydrogenation4–10 is one of the most established methods 
in synthetic chemistry providing essential protocols for the reduction of many 
substrates. Although developed nearly a century before the formal establish­
ment of the Green Chemistry movement,11 catalytic hydrogenation is one of 
the main contributors to the development of environmentally benign processes. 
Due to growing concerns regarding environmental conservation and occupa­
tional safety, the traditional methods applying stoichiometric reagents are being 
phased out and replaced by more contemporary catalytic methods. Interestingly, 
catalytic hydrogenations on solid metal catalysts have most of the attributes 
that one expects from a green technology, such as the 100% atom economy, 
commonly recyclable catalysts, no waste generation, and, in most cases, the 
use of green solvents, such as alcohols.12 Additionally, as a catalytic method it 
is favored over reagent-based reductions in sustainable applications. Based on 
the above, heterogeneous catalytic hydrogenation is perhaps the most often used 
heterogeneous catalytic process in organic synthesis at the laboratory as well as 
the industrial scale.13, 14 In addition to the clear advantages that these catalysts 
possess in terms of green applications, they are robust, convenient to handle, 
less sensitive to moisture than their homogeneous counterparts, and can be ap­
plied in catalytic beds that are major parts of automated flow reactor designs.15 
Hydrogenation catalysts are available in several different forms; however, all 
of them are based on transition metals. The traditional hydrogenation catalysts 
focus on platinum group metals and nickel, although more economic and of­
ten greener metals such as copper or iron are also applied, especially on the 
industrial scale. Due to their practical importance in the pharmaceutical, fine 
chemicals, and petrochemicals industries, the design, preparation, and charac­
terization of metal catalysts are subject of extensive interest. Their development 
and surface chemistry also attracted unparalleled attention.16–30 The general 
characterization of metal catalysts is described in Chapter 2.

However, despite the earlier listed benefits, heterogeneous catalytic hydro­
genation also has several significant drawbacks that somewhat overshadow the 
advantages. One of the main issues is the use of the explosive and flammable 
gas that hydrogen is. Handling such a gas at high pressures certainly mounts 
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challenges; however, over the past century the chemical industry dealt with 
these problems sufficiently and hydrogenation plants are one of the safest ones 
in the industry. Another issue that is yet to be overcome is the generation of the 
reactant hydrogen. At present, hydrogen is produced via steam reforming that 
occurs at very high temperatures (700–1000°C) requiring significant energy in­
vestment. In addition to the high energy demand, the energy is provided by 
the partial combustion of methane, which produces a large amount of carbon 
dioxide, one of the most well-known greenhouse gases.31 Thus the overall envi­
ronmental impact of catalytic hydrogenation, homogeneous or heterogeneous, 
cannot be overlooked. Despite the present blemishes on the green label of hy­
drogenation, when enough energy will be provided by green sources, such as 
solar, wind, or hydroelectric, at a reasonable cost, the same hydrogen can be 
obtained by water electrolysis making the process significantly greener.

Heterogeneous catalytic hydrogenation is one of the oldest methods devel­
oped for organic synthesis. The first such data were published in 1897 by Paul 
Sabatier. He developed solid nickel catalysts and applied them in the hydro­
genation of alkenes, which eventually won him the Nobel Prize in Chemistry 
in 1912,32 and also established heterogeneous catalysis and its application 
in hydrogenation as a new field of organic synthesis.33 A few decades later, 
Murray Raney developed the Raney Ni catalyst34–37 to add new dimensions to 
hydrogenations via the application of this skeletal catalysts.38 Due to its nearly 
endless application possibilities, hydrogenation attracted extensive attention. 
Rylander’s seminal monograph on the topic is probably the most comprehen­
sive early account in this field.39 Several other books followed Rylander’s work 
and new developments have been reviewed periodically in extensive books.40, 41 
In addition to books, the several subtopics of hydrogenation have been the target 
of a large number of reviews and major accounts in nearly every catalysis jour­
nal.42–48 Due to the practical importance of hydrogenation it has always received 
significant attention. Accordingly, the available literature is more than sizeable, 
including surface phenomena, catalyst development, and certainly applications 
of industrial and/or synthetic relevance. An earlier book by Augustine5 gave 
an excellent and detailed description of the state of the art of this field up to 
1996, thus we will focus on new developments that occurred in the application 
field after 1996, and refer the reader searching for earlier information to that 
source. In the following pages these applications will be discussed based on the 
functional groups. Due to the extensive number of publications, our goal is to 
provide a representative survey of the available applications and not an exhaus­
tive account of the topic.

3.1.2  Carbon-carbon multiple bond hydrogenations: 
Alkenes, alkynes, dienes

Hydrogenation of carbon-carbon double (CC) and triple bonds (CC) 
(Scheme 1) was attempted first during the development of hydrogenation as a 
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method. The hydrogenation of these substrates is particularly important in the 
petrochemical, pharmaceutical, and fine chemical industries. Significant expan­
sion occurred in the hydrogenation of CC multiple bonds since Sabatier’s early 
publications33 in the development of effective and commercially available cata­
lysts and their applications.4–6, 39 Heterogeneous catalytic hydrogenations are 
now carried out using a broad variety of catalysts (e.g. bulk metals, supported 
metal catalysts, or immobilized metal complexes) and conditions. As CC mul­
tiple bonds are often only a part of a larger compound with other potentially 
reduction sensitive groups, much effort was focused on the development of 
chemo, regio-, and even enantioselective applications. A number of examples 
summarizing CC double bond hydrogenations are listed in Table 1.

Table 1 presents the broad use of the process; the applications range from 
simple starting materials such as alkenes to CC multiple bond-containing 
natural products such as fatty acids or steroids, even mixtures of natural prod­
ucts (e.g., soybean oil). Although the most commonly applied catalytic metal 
is Pd, a wide variety of transition metals (Rh, Pt, Ru, Ni, Cu, Co) were used in 
various applications, although metal-free examples, while a rarity, have also 
been reported. In addition to the active metal itself, the catalyst formulation 
also includes a range of forms, such as regular supported metals, nanopar­
ticles, polymer-included particles, bimetallic alloys. Novel materials, such as 
graphene or graphitic carbon nitride, have also been utilized as a support ma­
terial for metals, for example, in the hydrogenation of styrene-butadiene rub­
ber on Pd/g-C3N4 catalyst.98 The source of hydrogen in the examples listed in 
Table 1 is, to an overwhelming extent, hydrogen gas under various pressures. 
Nevertheless, other sources such as metallic Al that in situ generates H2 from 
water or hydrogen donors, e.g., hydrazine, isopropanol, Hantzsch esters, or 
NaBH4 are also commonly applied in transfer hydrogenations. Ensured by  
the high sensitivity of CC multiple bond toward hydrogenation, the reactions 
occur at relatively modest temperatures and such high reactivity offers oppor­
tunities for carrying out chemoselective hydrogenation of CC or CC bond 
in the presence of other, hydrogenation sensitive but less active functional 
groups.

SCHEME 1  Catalytic hydrogenation of CC double and CC triple bonds.
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TABLE 1  Heterogeneous catalytic hydrogenation of alkenes and cycloalkenes to their corresponding saturated products.

Entry Substrate Catalyst
Hydrogen 
source Conditions Comments Ref.

1 Straight chain and 
cyclic alkenes, 
styrene, stilbene

Pt@hmc, Pd-PEI
Pd/FFMPA, Pd, Pt, Ni/metal 
phosphonates, Pt/Al2O3, Pd/C
WO2.72, Crabtree’s cat in 
MIL-101 (MOF), Cu7Pt3‐rGO, 
IrH(O-SBA-15)(POCOP), 
resin supported Rh NPs, Pd-
AmP-MCF, Cu NPs/diamond, 
Pd/SBA15, Ir-nanosponge, 
Rh-complex/SiO2 or porous 
organic polymer

0.2–10 bar H2

Al-H2O
Batch reactor, 
60–80°C
RT, 25 h

Yields and selectivities: up 
to 99%, recyclable catalysts, 
magnetically recoverable 
catalyst

49–65

2 Allyl alcohol, 
unsaturated 
alcohols

Pd-PAMAM-SBA-15, Pd-DEN, 
Pd(0)-polystyrene coated 
SiO2, Pd/PEI

H2 (2.0–3.0 MPa) Suspension in MeOH/
H2O, RT
scCO2, 40°C

Excellent TOFs, recyclable 
catalyst, rate dependent on 
Pd particle size

66–69

3 Bicyclo[2.2.2]
octenes

Rh/TPPTS/LDH H2 (20–40 bar) Varied temps Recyclable catalyst, no 
metal leaching

70

4 Sorbic acid [Cp*Ru(sorbic acid)]CF3SO3 
on SiO2

H2(20 bar) MTBE, 50°C Selective to cis-3-hexenoic 
acid

71
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5 Substituted alkenes Pd nanoparticles,  
Pd-PEG2000, Pd/PS, Ni-K10
10% Pd/C with 0.01 eq. Ph2S; 
Pd(II)-schiff base complex 
PSDVB
Ni NPs, 10 wt% Pd/C, MTS-
BT-Ru, Pd/CR11 and CR20

H2 (1–10 atm)
NH2NH2

iPrOH
Hantzsch esters
NaBH4

H2O, THF, MeOH, 
EtOH, iPrOH, 
[BMMIM][PF6],  
RT-70°C

Tolerates other functional 
groups (NO2, CN, Bn, and 
Cl), recyclable catalyst, 
selective hydrogenation-
no deprotection, or 
full hydrogenation and 
deprotection

72–84

6 Styrene, stilbene [Rh]@Ag, Pd/C, Pd@SiO2 
NACs, SiNA-Pd, Pd/BN,  
Ru-g-C3N4, Cu/MOF, Pd/MOF

H2 (14 bar)
Al/H2O
NH2-NH2

1,2-diCl-ethane, 80°C, 
24 h
RT-50°C, 10–24 h

Nonleachable catalyst, 
aqueous medium

54, 
85–92

7 Linoleic acid 5 wt% Pd/C H2 (0.5–20 bar) n-Decane, 40–100°C Kinetic studies 93

8 Oxosteroids Rh/TPPMS H2 (20 bar) Toluene Selective for α-diastereomer, 
recyclable catalyst

94

9 Open-chain and 
cyclic alkenes, 
diphenylethylenes, 
other derivatives 
(OH, CO, NH, 
etc.)

Defect-laden h-BN (dh-BN)
Cu-Co bimetallic catalyst

H2 (1 atm) RT-240°C, MeOH, RT, 
10–20 min

Metal-free hydrogenation, 
ball milling 
(mechanochemical 
activation)
Yields: 66%–97%

95, 96

10 Soybean oil Bio-Pd-NPs H2 (2 bar) iPrOH, 50–125°C, 3 h Recyclable catalyst 97

[Rh]@Ag-Rh(II) complex entrapped in a Ag matrix; AmP-MCF-amino functionalized mesocellular foam; MOF, metal-organic framework; MTS-BT-Ru-Ru complexes immobilized on 
tannin grafted micelle templated silica; NAC-nanoassembled microcapsules; PAA-polyacrylic acid; PEI-poly(ethylenimine); Pd/FFMPA-palladium nanoparticles on thiol-modified 
magnetic particles; Pd/PS-Pd nanoparticles in polystyrene; Pd-DEN-Pd nanoparticles encapsulated in dendrimers; Pd-PAMAM-SBA-15-Pd nanoparticles supported on polyamidoamine 
organic-inorganic hybrid dendrimers; Pd-PEI-Pd nanoparticles stabilized by alkylated polyethylenimine; PEG-polyethylene glycol; POCOP-1,3-bis((di-tert-butylphosphino)oxy)benzene; 
PSDVB-poly(styrene-divinylbenzene) copolymer with 6.5% crosslinking; Pt@hmc, Pt nanoparticles encapsulated in a hollow porous carbon shell; Rh/TPPMS-Rh(II) complex immobilized 
on amberlite linked to (3-sulfonatophenyl)(diphenyl)phosphine monosodium salt; Rh/TPPTS/LDH-Rh on trisodium salt of 3,3′,3″-phosphanetriyl benzenesulfonic acid complexed with 
double-layered hydroxides; SBA-15-mesoporous silica; SiNA-Pd‑silicon nanowire-Pd hybrid; BN‑boron nitride; rGO-reduced graphene oxide.



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

90  Heterogeneous catalysis in sustainable synthesis

Although Table 1 summarizes the hydrogenation of the most common sub­
strates, often with the goal of a catalyst development, there are several applica­
tions with more complicated substrates. For example, the hydrogenation of the 
unsaturated side chain of pyrazolidinones resulted in the saturation of the CC 
bond as well as the hydrogenative ring opening of the pyrazole ring via the 
cleavage of the NN bond (Scheme 2a).99 The reaction occurred with retention 
of chirality on the two chiral carbons and was achieved by the in situ generated 
H2 by the reaction of Al with H2O, while the also in situ formed Raney Ni cata­
lyzed the process. The oxovinyl moiety of decahydroacridinediones can also 
be selectively hydrogenated with Ni-Al alloy in 1 M KOH/MeOH (Scheme 
2b).100 The products were obtained in good yields and exclusive cis selectiv­
ity. Although the reaction is not sensitive to the R groups and a variety of H, 
alkyl, aryl N-aryl groups can be applied, the R group appeared to be of utmost 
importance; when it was a carbocyclic aromatic system, the reaction did not 
proceed.

It is worth noting that the development of metal-free solid hydrogenation 
catalysts is also in progress. A metal-free heterogeneous catalytic hydrogenation 
of diethyl benzylidenemalonate has been accomplished by Willms et al. via the 
development of a semisolid frustrated Lewis pair (FLP). The catalyst was based 
on a solid polyamine organic framework and molecular tris(pentafluorophenyl)
borane (BCF) that formed a semiimmobilized FLP in situ in the catalytic 
hydrogenation.101

Heterogeneous catalytic hydrogenation is often used as a tool to achieve the 
total synthesis of complex molecules, such as natural products. The total syn­
thesis of the racemic sesquiterpenoid sativene was achieved by the application 
of two catalytic hydrogenation steps in the sequence of reactions, in both cases 
the CC bond was hydrogenated to the saturated products (Scheme 3a).102 
A similar Pd(OH)2/C-catalyzed hydrogenation process was applied during the 
total synthesis of a new antimalarial compound based on febrifugine (Scheme 
3b).103 An interesting case of selective alkene hydrogenation was described 
by Taber and Tian. During the total synthesis of (−)-hamigeran B, an Ir black 
catalyst was applied to selectively hydrogenate a CC bond connecting two 
rings, while the cyclohexene or cyclopropyl moieties remained intact under the 

SCHEME 2  Hydrogenation of pyrazolidinones and decahydroacridinediones over in situ-
generated Raney Ni catalyst.
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reaction conditions (Scheme 3c).104 The synthesis of dihydronucleosides has 
been achieved by the catalytic hydrogenation of the corresponding nucleosides, 
nucleotide phosphates, and pyrimidine nucleotides. The 5,6-dihydrouridyl sugars 
and uridyl and thymidinyl nucleosides were obtained in high yields. Although 
cytidyl pyrimidines underwent hydrogenation, however, in addition to the re­
duction, a deamination reaction of the cytosine ring also occurred simultane­
ously (Scheme 3d).105

Similar hydrogenations aiming for the full saturation of alkynes and dienes 
are also common. Representative examples are summarized in Table 2.

As presented in Table 2, a variety of metals and supports can be selected to 
complete this task. As the goal was to fully hydrogenate the CC multiple bonds, 
these systems usually follow tendencies described under Table 1, in terms of 
experimental conditions and catalysts applied. The full hydrogenation, even in 
the case of more than one CC multiple bonds cause negligible complications.

SCHEME 3  Heterogeneous catalytic hydrogenation of CC bonds during the total synthesis of 
sativene (a), and a febrifugine derivative (b), (−)-hamigeran B (c), and 5,6-dihydronucleosides (d).
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TABLE 2  Heterogeneous catalytic hydrogenation of alkynes and dienes to their corresponding saturated products.

Entry Substrate scope Catalyst
Hydrogen 
source Conditions Comments Ref.

1 Substituted alkynes 10 wt% Pd/C with 
0.01 eq. Ph2S,  
Pd/PS, Ni-K10
Pd/C, Pd/BN,  
Pd/CR11 and 
CR20, Pd NP/
nanoporous C

H2 (1–5 bar)
NH2-NH2

NaBH4

MeOH, THF, EtOH, 
iPrOH, RT-70°C

Selective hydrogenation—
with and without 
deprotection, recyclable 
catalyst

75, 77, 
78, 82, 
84, 88, 
106

2 Optically active 
conjugated dienes

Raney Ni H2 (1 bar) MeOH, EtOAc, hexane, 
RT

98% Pure stereoisomer 
after saturation

107

3 Diphenylacetylene [Rh]@Ag
1 wt% Pd/Al2O3

H2 (5–14 bar) 1,2-diCl-ethane, 80°C, 
24 h

Nonleachable catalyst 85, 108

4 2,4-Dimethyl-1,3-
penta-diene

Pd(0)-cross linked 
polystyrene coated 
SiO2

H2 (20 bar) Supercritical CO2 
(scCO2), 40°C

Selective to 2,4-dimethyl-
2-pentene

68

5 1,3-Butadiene Pd/Al2O3 H2 (1 bar) 50°C fixed-bed flow 
reactor

Performance improved 
with 80% θ- and 20% 
α-Al2O3

109

6 Substituted open-
chain and cyclic 
dienes, alkynes

Cu-Co bimetallic 
catalyst

H2 (1 bar) MeOH, RT, 10–20 min Yields: 66%–97% 96

BN, boron nitride; NP, nanoparticle; PS, olystyrene; [Rh]@Ag-Rh(II) complex entrapped in a Ag matrix.
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The above discussed reactions (Tables 1 and 2) focused on the hydrogena­
tion of alkenes and alkynes to fully saturated alkanes. However, the appropriate 
selection of the catalyst and reaction conditions allows the partial hydrogenation 
of alkynes (Scheme 4) to alkenes both in the laboratory and industrial setting.

The control of chemo- and stereoselectivity, however, requires fine tun­
ing of the catalytic systems. Yields of the alkenes are affected by secondary 
transformations such as (E)-(Z) isomerization, shift of double bond and mostly, 
potential overreduction to alkanes. Earlier reports indicate that the (E)-(Z) selec­
tivities could be controlled by the amount of added H2, essentially by adjusting 
the hydrogen pressure, although the partial hydrogenation of nonterminal al­
kynes yields the (Z)-product predominantly.110 Despite the significant achieve­
ments in this field, the design of new catalysts is still in progress to improve 
reproducibility, chemo- and stereoselectivity, and recyclability of the catalyst. 
The data summarizing advances in the partial hydrogenation of alkynes is sum­
marized in Table 3.

As Table  3 indicates, the heterogeneous catalytic hydrogenation of CC 
triple bond favors the formation of (Z)-alkenes as products, as expected based 
on the typical reaction mechanism that involves the syn addition of hydrogen. 
In the past decades, this reaction was typically carried out using the Lindlar 
catalyst. New advances focus on the design and preparation of greener cata­
lysts including supported metals and nanoparticles. There are several examples, 
when the hydrogenation is highly chemoselective, for instance, using the Pd/bo­
ron nitride catalyst (Table 3, entry 7) the alkyne could be hydrogenated in high 
yields and selectivity in the presence of several functional (N3, NO2, CO, etc.) 
or protecting groups (e.g., Cbz, benzyl).88 Although most applications fulfill the 
criteria for being a green process, in certain cases dichloromethane was used as 
a solvent, which certainly should be avoided as much as possible.

The earlier processes have often been applied during total synthesis proce­
dures as tools to achieve the preparation of complex molecules. The Lindlar 
catalyst-driven partial hydrogenation of a CC bond to a cis-alkene has been 
carried out during the enantioconvergent asymmetric total synthesis of the anti­
biotic (R)-fridamycin E (Scheme 5a).129 Although the yield was modest (67%) 
the enantioselectivity of the epoxide was retained at the same level it was before 
the reaction, and the protocol did not result in the ring opening of the epoxide 
either. A similar hydrogenation was accomplished for the synthesis of linalool 
from dehydrolinalool (Scheme 5b).130

SCHEME 4  Partial hydrogenation of alkynes to alkenes.



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

TABLE 3  Heterogeneous catalytic partial hydrogenation of alkynes to alkenes.

Entry Substrate Catalyst Hydrogen source Conditions Comments Ref.

1 Various internal 
and terminal 
alkynes, and 
alkynyl ethers and 
alcohols

PI-Pd, Ni NPs
Au@N-doped carbon/
TiO2

PdCu4/SiO2, Pd-NPs, 
Au > 99Ag1NPore

H2 (1–6 atm), iPrOH 
(transfer hydrogenation)

THF, MeCN, 
EtOH or IPA, 
4,4′-di-tert-butyl-
biphenyl as an 
electron carrier, 
30–100°C,  
RT-20 h

Predominantly  
(Z)-isomer, no 
metal leaching
In situ formation 
Ni(0) nanoparticles

111–116

2 Propargylic 
sulfones

Zn powder Zn-NH4Cl Sat. aq.-THF, RT Selectively  
Z-allylsulfones, 
alkene and 
benzyloxy groups 
not affected

117

3 Acetylene Ni-Zn alloys on MgAl2O4, 
Pd4S, Ni/MCM-41 
intermetallic Pd alloys

H2 (flow) 100–300°C 
300 mL/min 
C2H2 + H2 in 
N2, RT

Selectivity 
increases with 
amount of Zn, 
high selectivity for 
the alkene even at 
elevated pressures

118–121

4 Phenylacetylene Ru (II)-phosphine/
mesoporous silica

H2 (1 atm) IPA, H2 (1 atm), 
40°C

Catalyst can be 
reused with no 
loss of activity/
selectivity

122



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

5 Acetylene, 
phenylacetylene

Au/Al2O3, Au-Ni/Al2O3 H2 (flow) Reactant passed 
through a fixed-
bed reactor 
(00  −  300 h−  1)

Selectivity 
increased with 
decrease in Au 
particle size

123

6 3-Butyn-2-ol and 
2-methyl-3-butyn-
2-ol

Pd/Fe3O4

Pd-Zn-nanoalloys,  
Pd/Al2O3

H2 (4–6 bar) Cyclohexane, 
50–75°C

93%–100% 
selectivity for the 
alkene at 99% 
conversion

124–126

7 Substituted aryl/
alkyl alkynes

Pd/boron nitride H2 (1 bar) MeOH/pyridine. 
RT, 1–4 h

81%–99% yield, 
high selectivity, 
other functional 
groups tolerated

88

8 Terminal alkynes SGR/PANI/Ni
Colloid template PdAu 
NPs

H2 (100 psi) and flow 
system

CH2Cl2, RT, 24 h Yields: 74%–83% 
for alkene, 97% 
selectivity

127, 128

Au  >  99Ag1NPore-unsupported nanoporous gold; NP, nanoparticle; PI-Pd-Pd incarnated in a phosphinated styrene-based polymer; SGR/PANI/Ni-Ni nanoparticles on 
polyaniline/graphene oxide composite.
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Efforts have been made to accomplish the partial hydrogenation of dienes as 
well. The partial saturation of 1,3-butadiene has been achieved by using a nonno­
ble metal intermetallic solid, γ-Al4Cu9(110). The gas phase hydrogenation was 
carried out under relatively mild conditions, 2–20 bar hydrogen, at 110–180°C, 
with 100% selectivity to butenes.131 PtZn/SiO2 catalyst can lead to nearly identi­
cal selectivity for butenes.132 Similarly, silica-supported Rh-based ordered alloys 
(M = Bi, Cu, Fe, Ga, In, Pb, Sn, and Zn) were found to be effective catalysts for 
selective hydrogenation of trans-1,4-hexadiene to trans-2-hexene.133

3.1.3  Hydrogenation of aromatic and heteroaromatic 
compounds

Saturated and partially saturated carbocyclic or heterocyclic scaffolds are im­
portant building blocks in pharmaceutical and fine chemical industries, often 
serve as solvents, even can fulfill the role of a catalyst. Given their otherwise 
often tedious synthesis, the hydrogenation of aromatic and heteroaromatic com­
pounds is considered a convenient and environmentally friendly approach for 
their preparation (Scheme 6). In most cases heterogeneous catalytic hydrogena­
tion provides the dearomatized products in good yields. However, the stability 
of the aromatic system is high and it is difficult to disrupt it, once it occurred the 
hydrogenation commonly yields the fully saturated rings. Table 4 summarizes 
the results achieved in the hydrogenation of carbocyclic compounds.

SCHEME 5  Partial hydrogenation of the CC bond during the enantioconvergent asymmetric 
total synthesis of the antibiotic (R)-fridamycin E (A) and linalool (B).

SCHEME 6  Hydrogenation of aromatic compounds.
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TABLE 4  Heterogeneous catalytic hydrogenation of carbocyclic aromatic compounds.

Entry Substrate Catalyst
Hydrogen 
source Conditions Comments Ref.

1 Benzene Ru NPsa/montmorillonite by 
ionic liquid
Ru NPs in carbon
Ru NPs/C

H2 (8 MPa) 100–110°C, 
0.8–2.5 h

Stable catalyst, yields up 
to 100%

134–136

2 Substituted benzenes Ru NPs stabilized by 
cyclodextrins Rh complex-Pd 
NPs/SiO2)
10 wt% Rh/C
Pd/Carbon nanofibers, Pd/C

H2 (1–30 bar) 20–85°C,  
n-pentane, H2O, 
iPrOH, 2–24 h

Excellent conversions, 
aqueous medium, 
mild conditions, cis-
selectivity up to 98%, 
recyclable catalysts

137–142

3 Substituted benzenes, 
naphthalene, 
anthracene

tetrahedral Rh NPs/charcoal
Fe2(MoO4)3

H2 (1 atm)
HCOOH

MeOH, H2O, RT conversions up to 100% 143, 144

4 Aromatic carboxylic 
acids

Pd/carbon nanofiber H2 (15 bar) H2O, 24 h, 85°C No protecting group 
required for COOH

145

5 Substituted phenols Ru/Al2O3

10% Pd/C
5% Rh/C-nanofiber
Pd/hydrophilic C
5 wt% Pd/C-AlCl3
In situ Raney Ni,  
NiCo/SiO2-TiO2

H2 (10–40 bar)
Al-H2O

THF, scCO2 
(140 bar)  
40–140°C, 
0.5–20 h

Major product: cis-
isomer, up to 100 
conversion, >95% 
selectivity

146–152

Continued
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TABLE 4  Heterogeneous catalytic hydrogenation of carbocyclic aromatic compounds—cont’d

Entry Substrate Catalyst
Hydrogen 
source Conditions Comments Ref.

6 tBu-benzene, benzoic 
acid, biphenyl

Rh NPs/C shell H2 (0.5 MPa) H2O, 2–14 h, 
80°C

Excellent conversions 153

7 Binaphthyls Ru NPs/carbon nanofibers
PtO2

Pd/C
In situ prepared Raney Ni

H2 (1–50 atm)
Al-H2O

EtOH, AcOH, 
3–48 h, RT-100°C

No racemization, 
high yields, partial 
hydrogenation to 
optically pure tetra 
and octahydro-1,1′-
binaphthyls, multigram 
synthesis

154–158

8 Biphenyl Raney Ni prepared from Ni-Al 
alloy
in situ prepared Raney Ni

H2 (10 bar)
Al-H2O

THF, 4 h, 
70–90°C

Up to 100% conversion 
and 99.4% selectivity to 
cyclohexylbenzene

159, 160

NP, nanoparticles.
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The examples outlined in Table 4 describe relatively simple carbocyclic aro­
matic compounds, including benzene and naphthalene derivatives. Several of 
these examples serve as test reactions during the development of new catalysts. 
More complex structures with typically primary interest in synthesis have also 
been studied. However, due to the high stability of the aromatic rings, to achieve 
these hydrogenations selectively in the presence of other functional group often 
cause complications. Accordingly, these applications use metals that are known 
to be powerful hydrogenation catalysts, such as Pt, Rh, Ru, although there are 
examples with Pd or Ni as the catalytic metal. Highly active nanoparticle-based 
catalysts dominate these examples, although the traditional supported catalysts 
or cyclodextrin stabilized samples are also listed. The source of hydrogen is 
usually hydrogen gas under various pressures. Other sources such as water-
Al combination for in situ generation of H2 or hydrogen donors, e.g. formic 
acid have also been used. Provided the high stabilization energy of the aromatic 
electron structure, in addition to the use of powerful metals, usually these hy­
drogenations require higher activation energy, namely elevated reaction tem­
peratures. Although certain conditions allow the use of ambient temperatures, 
mostly these reactions occur at 50–150°C temperatures. Accordingly, when aro­
matic compounds possess side chains with CC or CC bonds the complete 
hydrogenation of the compound will occur.

Aromatic heterocycles such as pyrroles, pyridines, indoles, quinolones, and 
their substituted derivatives are important building blocks for the synthesis of a 
large number of natural products and compounds that possess biological activ­
ity.161–163 Due to their synthetic importance the transformations, such as par­
tial or complete hydrogenation, of these rings are of exceptional interest in the 
pharmaceutical and fine chemical industries. At the same time, the hydrogena­
tion of heterocycles present significant challenges, due to many factors, such as 
their low activity and catalyst poison character (e.g., pyridine, quinolines, etc.) 
or their high sensitivity and tendency for polymerization (indoles or pyrroles). 
Accordingly, there is an extensive number of reports available regarding these 
compounds, many of them are synthetically highly relevant. The most represen­
tative examples are collected in Table 5.

As Table  5 indicates, the individual properties of the heterocyclic com­
pounds will determine the reaction conditions. The traditional hydrogenation 
catalysts, whether in the supported, nanoparticle, polymer, or ionic liquid sta­
bilized form, are still applicable for these hydrogenations; however, the tem­
perature and hydrogen pressure are widely varied depending on the ring system 
and the heteroatom. Most reactions effectively occur at 60–80°C; however, 
some compounds undergo hydrogenation at ambient temperature, some others 
require 150°C to react. In addition to the common solvents, several of these 
reactions apply acetic acid as a solvent, which not only acts as a typical solvent, 
but via acid-base interaction it also can improve the solubility of, especially 
N-containing, heterocycles.
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TABLE 5  Heterogeneous catalytic hydrogenation of aromatic heterocycles.

Entry Substrate Catalyst
Hydrogen 
source Conditions Comments Ref.

1 Pyridines and 
2-pentylfuran

10 wt% Rh/C H2 (5 atm) H2O, 80°C Broad substrate scope, 
mild and neutral 
conditions

141

2 Substituted pyrroles Rh/Al2O3

Pt NPs/mesoporous SiO2

H2 (10 atm); 
400 Torr (flow)

EtOH or MeOH, 
RT-140°C

Excellent de (up to 
4 new stereocenters) 
hydrogenation followed 
by ring opening to butyl 
amine

164, 165

3 Pyridinol Rh NPs/porous carbon 
shell

H2 (5 bar) H2O, 2–14 h, 
80°C

Excellent conversions, 
aqueous medium

153

4 Substituted furfurals PtSn, Co@N-doped 
graphene shell catalyst

H2 (10 bar) iPrOH, 100°C 98% Selectivity to furfuryl 
alcohol, cat. Deactivation 
(25%) upon reuse; 
dimethyl furane, 100% 
conv. 95% selectivity

166, 167

5 Chiral furan-2-carboxylic 
acid derivatives

Pd(OH)2/C H2 (30 bar) AcOH-iPrOH, 
25°C

de up to 95% upon 
addition of additive

168

6 4-Pyridine-carboxamides 10 wt% Pd/C H2 (1 atm) ClCH2CHCl2, 
MeOH, RT

up to 99% yields 169
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7 Cinchonidine Pt NPs stabilized by 
polyacrylic acid
Pt/Al2O3

H2 (2–10 bar) Toluene or AcOH, 
25°C

Selective hydrogenation to 
hexahydro-cinchonidine

170, 171

8 Substituted pyridines Pd/C, Pt/C, Rh/C, 
Pd(OH)2/C
In situ prepared Raney Ni

H2 (30–90 bar)
Al-H2O

flow reactor, 
AcOH 60–80°C

excellent conversions, 
easy scale-up

172, 173

9 Heteroaromatics 10 wt% Rh/C H2 (5 atm) iPrOH, 60°C 100% Selectivity and 
>95% conversion, 
recyclable catalyst

141

10 Bipyridines In situ prepared Raney Ni Al-H2O Water, KOH 
solution

Piperidinylpyridines
3-N ring favored

174

11 Benzofurans Ru@SILP-LA H2 (10 bar) Decalin, 150 °C Dihydrobenzofurans 175

NP, nanoparticles; Ru@SILP-LA, ruthenium nanoparticles immobilized on a Lewis acid-functionalized supported ionic liquid phase.
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The heterogeneous catalytic hydrogenation of pyrroles, indoles, or quino­
lines is often not selective due to overhydrogenation or other side reactions. 
The reduction of unprotected indoles and quinolines to indolines and tetrahy­
droquinolines could be achieved by applying Ni-Al alloy in water as a hydrogen 
source (Scheme 7) with good to excellent yields.176 To occur efficiently, the al­
loy required a short ultrasonic pretreatment to remove the blocking Al2O3 layer 
from the Al surface.177, 178 A similar hydrogenation of the N-containing ring 
was achieved on Ni-based bimetallic catalysts in the presence of formic acid as 
a hydrogen source. Under hydrogen-free conditions ring opening and hydrode­
nitrogenation were found to be the preferred pathway.179

Indoles were also selectively hydrogenated on their N-containing ring in 
water by the aid of p-toluenesulfonic acid using a commercially available Pt/C 
catalyst.180 The reaction was based on the partial protonation of the heterocy­
clic ring that destabilized the aromatic structure making the ring susceptible 
for hydrogenation even under the mild conditions (Scheme 8a). The products 
were isolated by nearly quantitative yields. A similar process was applied for 
the transfer hydrogenation of unprotected indoles and quinolines using Pd/C 
catalyst and formic acid.181 Formic acid had a dual role, it served as a hydrogen 
donor as well as an acid to disrupt the aromaticity of the heterocycles making 
them more reactive in the reaction. After the hydrogenation of the heteroatom-
containing ring, the N underwent formylation as well (Scheme 8b).

SCHEME 7  Hydrogenation of indoles and quinolines with Ni-Al alloy in water.

SCHEME 8  Pt/C and Pd/C-catalyzed hydrogenation of unprotected indoles using p-toluenesulfonic 
acid as modifier (A) and formic acid as modifier and hydrogen donor (B).
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3.1.4  Reduction of carbonyl compounds by 
heterogeneous catalytic hydrogenation: Aldehydes, 
ketones, and carboxylic acid derivatives

The hydrogenation of the CO bond is one of the most commonly applied func­
tional group transformations in organic synthesis (Scheme 9). The most common 
catalysts for this purpose are Pt, Ru, and Rh. Although Pd is broadly applied for 
CC double and triple bond reductions, it does not appear to be a practical cata­
lyst here. A more economical alternative is using Ni catalysts that are also often 
employed for the hydrogenation of aldehydes and ketones, albeit these reactions 
require somewhat harsher conditions than those catalyzed by noble metals.

Table 6 presents representative examples for the reduction of carbonyl com­
pounds focusing on nonasymmetric applications.

As presented in Table 6 in addition to the above-mentioned typical CO 
hydrogenation catalysts, efforts have been made to apply the generally less ac­
tive Pd catalysts mostly doped with another metal, such as gold. Supported Au 
itself appears to be active for the reduction of aldehydes even at ambient tem­
peratures. Other catalysts of interest include metal complexes immobilized on 
various supports, often mesoporous silicates. Although some of the reactions 
were carried out at room temperature, the reaction temperatures are generally 
in the 80–90°C range; in rare cases it is as high as 400°C. The hydrogen source 
of the reactions is H2 gas; however, several reactions use alternative sources, 
e.g., water-Al system, or hydrogen donors (iPrOH, formate derivatives, etc.) via 
transfer hydrogenation.

Although the data in Table 6 are mostly related to the carbonyl to hydroxyl 
reduction, several studies attempted to selectively achieve the CO to CH2 
transformation. Essentially these hydrogenations function as the environmen­
tally benign versions of the Clemmensen or Wolff-Kishner/Huang-Minlon re­
ductions.200–202 The hydrogen and Raney Ni catalysts that formed in situ from 
Ni-Al alloy and water hydrogenated benzaldehyde primarily to toluene although 
the ratio of benzyl alcohol and/or the desired toluene was dependent on the reac­
tion time used (Scheme 10a).203 Longer reaction times favored the formation of 
toluene in good yield. The process could be extended to a much broader scope, 
including substituted benzaldehydes and acetophenones. The same group 

SCHEME 9  Hydrogenation of aldehydes and ketones to primary and secondary alcohols.



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

TABLE 6  Heterogeneous catalytic hydrogenation of aldehydes and ketones.

Entry Substrate Catalyst
Hydrogen 
source Conditions Comments Ref.

1 Substituted 
acetophenones

Pd/ZnO/ZnAl2O4

Ni-Al alloy
Pd/C
Pt/CeO2-MOx(M = Si, 
Ti, Al, Zr)

H2 (9 bar)
Al/H2O
H2 (5% in N2, 
flow)

n-Hexane, H2O, 
25–400°C

Moderate to high selectivity, mild 
heating required, high hydrostatic 
pressure, vapor phase reaction

182–184

2 Substituted 
benzaldehyde

Pd-Au/C
Pt/FDU-14
Co/γ-Al2O3-SiO2

Pd/C

H2 (1–40 atm) EtOH, H2O, 20–130°C, 
batch and flow systems, 
electrocatalytic 
reduction

S poisoning, activity improved by 
Au addition, no activity/selectivity 
loss after 9 cycles; conversion 
98%, selectivity: 95%

185–188

3 Aromatic and 
aliphatic aldehydes 
and ketones

Ru-Sn-B/SiO2

[Ru(salen)(NO)] 
encapsulated in 
mesoporous SBA-16
Ni NPs
In situ Raney 
Ni, Cu7Pt3‐rGO, 
Au  >  99Ag1NPore

H2 (1–20 atm)
iPrOH
Al-H2O

THF, iPrOH, H2O,  
RT-100°C; 0.5–1 h

Sn addition improved activity
Activity close to homogeneous 
systems
Conversion; selectivity >99%
Recyclable catalysts

57, 116, 
189–192

4 Substituted diketones Ru(Phen)2Cl-NH-
MCM-41

H2 (20 bar) H2O, t-BuOK, 120°C Selectivity of ketol ≥95% 193
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5 Substituted ketones Pd/urea-MCF
Silica-SMAP-Rh

HCOOH/TEA 
(1:1)

EtOAc, hexane 25°C High yields, recyclable catalyst 194, 195

6 5-Ethoxy-methyl-
furfural

Ir/Cr-Al2O3 H2 (25 N mL/
min, flow)

400 μmL/min feed 
(1 wt% substrate)

Up to 99% selectivity toward 
alcohol

196

7 Substituted aldehydes Au/meso-CeO2 HCOOK 
(5 eq.)

H2O, 25°C Tolerates alkenes, halogens, 
ketones

197

8 Me-levulinate Zr-based mesoporous 
materials

H2 (30 bar) 200°C, flow system Conversion:15%–89%, selectivity 
(valerolactone): 76%–100%

198

9 Butanal Shvo’s catalyst on SiO2 H2 (flow 
system, 1 bar)

Flow rate at 100 cm3/
min, 90°C

Mechanistic study 199

Au  >  99Ag1NPore-unsupported nanoporous gold; Pd/urea-MCF-Pd nanoparticles supported on siliceous mesocellular foam; rGO, graphene oxide; Ru(Phen)2Cl-NH-MCM-41-
Ru(Phen)2Cl2 [Phen = phenanthroline] anchored in organo-functionalized MCM-4; Silica-SMAP-Rh, silica immobilized caged, compact, trialkylphosphine Rh.
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extended these applications to microwave-assisted catalysis that appeared to be 
more selective and higher yielding than the conventional process.204 A similar 
application used a bifunctional, K-10 montmorillonite-supported Pt catalyst in a 
multistep sequence.205 First, the platinum reduced the carbonyl compound to the 
corresponding alcohol, which underwent an acid (K-10)-catalyzed dehydration 
to produce an alkene intermediate. Then, the alkene immediately underwent a 
platinum-catalyzed CC bond hydrogenation. The alkanes were obtained in 
good to excellent yields (Scheme 10b).

The earlier Ni-Al process was extended to the CO to CH2 transition of 
benzophenones, cyclic and open included, using the alloy in a dilute alkaline 
solution. In addition to the expected diphenylmethanes, benzylcyclohexanes 
and the fully hydrogenated dicyclohexylmethanes also formed (Scheme 11a).206 
Cyclic substrates, such as anthraquinone, benzoylnaphthalenes, benzoylanthra­
cene, dibenzosuberenone, and dibenzosuberone can also be hydrogenated to the 
corresponding hydrocarbons in good to excellent yields. The same catalytic sys­
tem was also applied for the CO to CH2 reduction of alkylbenzils and alkoxy­
benzils to yield the corresponding 1,2-diarylethanes at 90°C (Scheme 11b).207  
When 4,4′-dinitrobenzil was used as a substrate, the NO2 groups also underwent 
hydrogenation to NH2 yielding 1,2-bis(4-aminophenyl)-ethane. The method 
was greatly time dependent and the aromatic rings also underwent hydrogena­
tion if enough time was allowed.

While the reduction of aldehydes and ketones by hydrogenation is a rela­
tively straightforward reaction, the catalytic hydrogenation of carboxylic acids 
and esters is a notoriously difficult task. Other than accomplishing this trans­
formation by using complex hydrides these reductions by hydrogenation still 
pose significant challenges, in terms of conversion and selectivity. One of the 
rare examples is the hydrogenation of methyl formate over a Co/MgO hetero­
geneous catalyst mainly to chain-lengthened hydrocarbons. The reaction pro­
vided time-dependent product spectra, ranging from methanol, olefins, to C2  + 
hydrocarbons.208 The catalytic hydrogenation of oleic acid on Rh-Sn-B/γ-Al2O3 

SCHEME 10  Selective CO to CH2 hydrogenation of benzaldehyde and acetophenones with 
Ni-Al alloy in water (a) and of various aliphatic ketones on Pt/K-10 catalyst (b).
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catalysts yielded oleyl alcohol with high selectivity with the appropriate selec­
tion of the Rh/Sn ratio (1%/4%). In contrast, at low Sn content, the catalyst 
favored complete deoxygenation and the formation of the fully hydrogenated 
octadecane.209 The hydrogenation of succinic acid, a biorenewable feedstock, 
can be achieved by a hydrogenation on a RePd/C catalyst at 140–200°C under 
95–175 bar hydrogen pressure. Although the hydrogenation occurred with high 
conversion values it provided a product mixture containing several value-added 
chemicals such as 1,4-butanediol, γ-butyrolactone, and tetrahydrofuran.210 In a 
related study, γ-valerolactone was produced from biomass-derived levulinate 
esters on support-free mesoporous Ni catalyst.211 Similarly, the hydrogenative 
transformation of sugars, such as glucose to furan-based chemicals also at­
tracted attention.212, 213

The reduction of CO2 is also a highly important and active research area. 
Due to the increasing CO2 levels in the atmosphere, in addition to the natural 
sequestration there are extensive efforts to develop chemical means to mitigate 
the CO2 level. Although the catalytic reduction of CO2 (and CO as well) is dom­
inated by homogeneous catalytic approaches, there are several heterogeneous 
catalytic protocols that appear to be successful at the laboratory level.214–233

In addition to the earlier applications there is significant interest in the en­
antioselective CO hydrogenation of α-ketoesters,234–243 β-ketoesters,244–247 
and other activated carbonyl compounds.248–253 However, as a special chapter is 
devoted to enantioselective heterogeneous catalysis, these applications will be 
discussed in Chapter 3.10.

SCHEME 11  CO to CH2 reduction of acetophenone and cyclic arylketones (A) and  
alkylbenzyls (B).
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3.1.5  Hydrogenation of nitrogen-containing groups: NO,  
NN, CN, and CN groups

3.1.5.1  Hydrogenation of the nitro group

Amines and their derivatives are key building blocks and intermediates in a mul­
titude of industries, such as the dye, pharmaceutical, fine chemicals, or materials 
industries. Aromatic amines are commonly produced via the nitration of aro­
matic compounds and the subsequent reduction of the nitro group (Scheme 12).

The nitro to amino reduction can be achieved by a plethora of methods254, 255; 
however, the heterogeneous catalytic hydrogenation of the NO2 group to NH2 is 
the environmentally most benign protocol as most of the other methods apply 
stoichiometric reagents and produce significant amount of waste. In contrast, 
catalytic hydrogenation has a nearly 100% atom economy, and the only by-
product is water. A large number and variety of catalytic systems are available 
for this transformation; however, the selective reduction of the nitro group still 
represents a challenge when other reducible functionalities (e.g., CC, CC, 
halogen, CO, etc.) are present. First, the recent advances in the hydrogenation 
of nitrobenzenes to anilines are summarized in Table 7.

Due to the relatively easy and straightforward access to aromatic nitro com­
pounds via electrophilic nitrations, the reduction of these compounds is a major 
pathway to obtain aromatic amines. In addition, aniline derivatives play a major 
role in many industries as a frequent building block. The selection of metals for 
the NO2 to NH2 reduction is quite broad; many transition metals are capable 
to catalyze this process. Most notably, the traditional hydrogenation catalysts, 
such as Pd, Pt, Rh, Ru, Ir, and Ni, represent the core group of the applicable met­
als; however, several new applications are focused on metals (Au, Ag, Co) that 
are less commonly used in hydrogenations. Similarly to the earlier applications, 
a widespread use of nanoparticles can be found. In most applications the metal 
is used in a supported format using a broad variety of support materials from tra­
ditional ones such as SiO2, Al2O3, or C but also newly developed, often emerg­
ing materials, e.g., graphene, carbon nitrides, mixed oxides, or nanofibers. The 
reaction conditions are also widely different and dependent on the metal. Low 
to high pressure hydrogen gas is often replaced by transfer hydrogenation con­
ditions using isopropanol or hydrazine as a hydrogen source. The temperature 
also ranges from ambient temperature to 160°C. New trends include the genera­
tion of specialty catalysts by using advanced materials, such as graphene oxide, 

SCHEME 12  Hydrogenation of the nitro group to amino functionality.
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TABLE 7  Heterogeneous catalytic hydrogenation of nitrobenzenes to the corresponding anilines.

Entry Substrate Catalyst
Hydrogen 
Source Conditions Comments Ref.

1 Substituted 
nitrobenzenes

Au/TiO2, Au/Fe2O3

Pt/CNTa, and Mn, Fe, Co, Ni, Cu modified samples, 
γ-Fe2O3

b, Pt/TiO2, Ni/TiO2, Ru/TiO2, Au/TiO2, Pt/C 
nanofibersb, Pd NPsb,c, Ni/C nanofibers, Au/Pt NPs, 
Ni/γ-Al2O3

Pt/polysiloxane gel, Ag/Al2O3, in situ formed Raney 
Ni, WO2.72, Pd@SiO2 NACs, SiNA-Pd, Cu7Pt3‐rGO, 
ImmFe-IL, Ru-g-C3N4, Co3O4@Al2O3/SiO2, UiO-66-
NH2@COP@Pd, N-doped-CNTs, Pd@Co/C-SiO2-NH2, 
Cu-SN/nanoplates, Pd/alginate-poly(ethyleneimine), 
Pd@P(QPTVP)

H2 
(3–40 bar)
iPrOH
NH2-NH2

Al-H2O/
NH4Cl, 
NaBH4

EtOH, EtOH/
H2O, scCO2 
(12 MPa), 
EtOAc, THF, 
0.35–20 h, 
RT-160°C
or flow 
systems

Selective reduction 
of NO2 in presence 
of CC, CO, CN, 
CONH2 groups, 
excellent yields and 
selectivities (>  95%)

55, 57, 
86, 87, 
89, 
256–274

2 1,3-Dinitro-
benzene

Ni/K2O-La2O3-SiO2 H2 (30 bar) EtOH, 100°C Conversions/selectivity 
(up to 99.9%) to 
phenylenediamine, 
some cat. deactivation

275

Continued
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TABLE 7  Heterogeneous catalytic hydrogenation of nitrobenzenes to the corresponding anilines—cont’d

Entry Substrate Catalyst
Hydrogen 
Source Conditions Comments Ref.

3 Nitrobenzyl-
amines

10 wt% Pd/C
In situ formed Raney Ni

H2 (1 atm)
Al-H2O/
formic acid

MeOH, aq. 
HCl, RT, 
13–88 min

Highly chemoselective 
(up to 99%) reduction, 
no debenzylation
Diformamide products

276, 277

4 Chloronitro-
benzenes

Ni/C nanofiber
Pt/γ-ZrP
Pt NPs/acidic attapulgite
Ru-V/MgF2

Pd/γ-Fe2O3
b

Ni/TiO2

H2 
(1–40 bar)

MeOH, 
EtOH, scCO2 
(10 MPa), 
10–300 min, 
30–140°C

Conversion (up to 
99%), selectivity (up to 
95%), liquid and gas 
phase reactions

278–283

a	 Carbon nanotubes.
b	Recyclable catalyst.
c	 Nanoparticles.
CNT, carbon nanotubes; ImmFe-IL, immobilized Iron-containing ionic liquids; NAC, nanoassembled microcapsules; P(QPTVP), phosphine-functionalized porous ionic polymer; 
SiNA-Pd, silicon nanowire-Pd.
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grafted with chitosan and Ag nanoparticles, that was tested in the hydrogenation 
of nitrobenzene to aniline.284

Larger aromatic nitro compounds have also been target of catalytic hydroge­
nation. The synthesis of 2-semidines has been achieved via the reductive dimer­
ization of 3-nitrocarbazoles using Ni-Al alloy under slightly basic conditions.285 
The data showed that the direct NO2 to NH2 hydrogenation resulted in the minor 
product 3-aminocarbazoles (Scheme 13). The major product of this reaction 
was the azoxycarbazole (no yields provided), although using methanol as a sol­
vent and Zn as reducing agent improved the 3-aminocarbazole selectivity.

While the hydrogenation of aromatic nitro compounds dominates the ap­
plications due to the relatively easy synthesis of these molecules, the hydro­
genation of aliphatic derivatives also attracted significant interest to produce 
aliphatic amines. Serna et  al. described the selective catalytic hydrogenation 
of nitro-cyclohexane to cyclohexanone oxime on decorated Pt nanoparticles on 
titania support. The catalyst had a low (0.2 wt%) platinum loading making it 
both environmentally better as well as more economic. The reactions occurred 
under moderately harsh conditions; low hydrogen pressure, but relatively high 
temperature and provided the cyclohexanone oxime in high yield (95%) and 
selectivities (Scheme 14).286

The hydrogenation of a bridged phenyl-nitro-cyclohexene using Ni-Al alloy 
in basic (dilute NaOH) water/THF mixture led to the perhydrogenated amine 
precursor for the synthesis of N-(3-phenylbicyclo[2.2.1]-yl)-N-ethylamine 

SCHEME 13  Hydrogenation of nitrocarbazoles on in situ formed Raney Ni catalyst.

SCHEME 14  Selective hydrogenation of nitro-cyclohexane to cyclohexanone oxime.
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hydrochloride287 also known as fencamfamine, a known stimulant and appe­
tite suppressant. The method is a typical application of the dissolving alumi­
num method; the Al-water reaction provides the necessary hydrogen, while the 
dealuminated alloy becomes a highly active Raney Ni catalyst to facilitate the 
actual hydrogenation reaction. As common, the reaction leads to the perhydro­
genated product (Scheme 15).

3.1.5.2  Hydrogenation of nitriles

Similarly to the earlier examples, the hydrogenation of nitriles is the environ­
mentally most benign method of choice to prepare aliphatic primary amines 
(Scheme 16).288

Given that the replacement of many leaving groups, such as halogens, tosyl­
ate, etc. with CN− can be conveniently carried out by SN2 substitutions, this 
method has a broad versatility. Consequently, the substitution of these entities 
with CN− and subsequent hydrogenation of the nitrile open up access to a nearly 
unlimited variety of aliphatic amines. The reduction occurs step by step, gradu­
ally progressing via a CN double bond to a single bond. However, the reaction 
conditions must be designed carefully, as the slow reaction and the reasonable 
presence of the intermediate may initiate reactions with the final product pri­
mary amine resulting in undesirable by-products, including secondary or ter­
tiary amines. Thus designing a chemoselective protocol for the hydrogenation 
of nitriles is still a challenge. The most common examples are listed in Table 8.

Unlike many of the earlier applications, for the hydrogenation of nitriles 
the use of Ni-based catalysts is favored, as the most common metal in these 
reactions. Co also appears to be a frequently applied metal, despite its over­
all limited use in hydrogenation of other functional groups. Another nonnoble 
metal, copper is also common in these hydrogenations, although often in the 
form of Co or Cr-doped forms. The traditional hydrogenation metals, such as 
Ru, Rh, Ir, Pt, or Pd are also represented, although with lower frequency than 
normal. Reactions carried out with hydrogen gas often require elevated pres­
sures, although several other examples, e.g. using water-Al system for hydrogen 

SCHEME 15  Hydrogenation of a bridged nitro-phenylcyclohexene to the corresponding cyclo­
hexyl amine.

SCHEME 16  Hydrogenation of nitriles to primary amines.
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TABLE 8  Heterogeneous catalytic reduction of nitriles to primary amines and other products.

Entry Substrate Catalyst
Hydrogen 
source Conditions Comments Ref.

1 Butyronitrile Ni-Cr promoted Raney Co or 
LiOH modified Raney Co

H2 (15–45 bar) Octane, 45–
60 min, 100°C

LiOH modified Raney Co showed 
highest selectivity toward butylamine

289

2 Propionitriles Ru/C, Cu/γ-Al2O3 H2 (100 bar) Organic solvent + 
ionic liquid,  
100°C; flow  
system

Biphasic solvent system enhanced 
selectivity toward propylamine and 
derivatives

290, 291

3 Benzonitriles Ru NPs, Ni NPs, Ni@mSiO2@
LDO and LDH, Co-MOFs, 
Co(OAc)2/Al2O3, Cu/MgO, Pd 
NPs, Pd/SiC with NiO nanodots, 
Ir-Pd/Al2O3

H2 (5–40 bar) 2–72 h, 85–
110°C, water

Exclusive reduction of CN (no ring 
hydrogenation), up to 100% yield

292–301

4 Biphenyl-
4‑carbonitrile

In situ formed Raney Ni Al-H2O 1% aq. KOH Methylbiphenyl by-product (9%) 160

5 Various nitriles In situ formed Raney Ni, CuFe2O4 Al-aq. formic 
acid, NaBH4

RT-100°C Major product: aldehydes, amines 302, 303

6 Aliphatic nitriles Co(OAc)2/Al2O3 H2 (5–45 bar) 2–24 h, 85–130°C Primary amine products, 84%–99% 
yield

296

7 Acetonitrile Pt on Al2O3, MgO, SiO2, CeO2 H2 (flow) Flow system, 
60°C

Catalyst characterization, mechanistic 
studies

304, 305

LDH, layered double hydroxide; LDO, layered double oxide; MOF, metal-organic framework; NPs, nanoparticles.
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generation or typical transfer hydrogenations are also common. In addition to 
high hydrogen pressures, the temperatures applied in these reactions are also 
relatively high, commonly 85–130°C.

3.1.5.3  Hydrogenation of imines

As the preparation of imines from carbonyl compounds and primary amines is a 
common and rather readily occurring transformation, the hydrogenation of the 
product imines is a frequently applied method for the synthesis of secondary 
amines (Scheme 17). When the two steps are conducted without the isolation 
of the imine, the process is called reductive amination, which is a frequent pro­
tocol. Similarly to the earlier discussed nitrile reduction, this process may also 
yield undesirable by-products, such as tertiary amines.

The actual task is the hydrogenation of the CN double bond. In contrast to 
the reduction of the CN triple bond of nitriles, this process occurs under much 
milder conditions. Some representative data for the hydrogenation of simple 
imines are tabulated in Table 9.

The comparison of the data in Tables 8 and 9 clearly supports the earlier 
observations. The most popular imine hydrogenation catalysts are based on Ni 
and Pd. Other metals (Pt, Rh, etc.) can also be applied; however, the more mod­
erate activity of Ni and Pd ensures high chemoselectivity in imine hydrogena­
tions, e.g., no aromatic ring saturation would occur. In addition, most of the 
reactions readily take place at moderate temperatures, commonly at room tem­
perature. Similarly to temperature, the hydrogen pressures, when hydrogen gas 
is used as an H-source, are also moderate in these hydrogenations, often ranging 
from 1 bar to no higher than 20 bar. Overall, the CN double hydrogenation is a 
fairly straightforward process that applies mild experimental conditions. Some 
of the applications in Table 9 belong to a specific type of the CN hydrogena­
tion, the so-called reductive amination, that is also a commonly used process 
in synthetic applications. The heterogeneous catalytic reductive amination of 
a broad variety of carbonyl compounds with aqueous ammonium hydroxide 
and various primary amines readily yielded primary (when NH3 was used) and 
secondary amines. The process was catalyzed by an in situ formed Raney Ni 
catalyst that was obtained from Ni-Al alloy, while the hydrogen was gener­
ated by the dissolution of Al in water (Scheme 18).313 The reaction occurred in 

SCHEME 17  Generic pathways for the reductive amination of ketones and aldehydes.
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TABLE 9  Catalytic hydrogenation of imines to their corresponding secondary amines.

Entry Substrate Catalyst
Hydrogen 
Source Conditions Comments Ref.

1 Substituted ketimines Raney Ni, Pd/C, 
Pt/C

H2 (120 psi) In situ generated imine, 
solvent, RT

Reductive 
amination, high 
de

306, 307

2 Substituted aldimines Pd/C
10 wt% Pd/C
Ni NPsa

HCOONH4

H2 (1 atm)
iPrOH

In situ generated imine 
iPrOH, MeOH, CHCl3, RT, 
10–60 min

Reductive 
amination 
(anilines or 
nitrobenzenes, 
yields up to 99%

308–310

3 Substituted benzylidene-
anilines

Polymer supported 
Pd-imidazole 
complexb

H2 (0.8 bar) EtOH, H2, 30°C Cat. recycled up 
to 6 times without 
loss of activity, no 
leaching of metal

311

4 Benzylidene anilines 
and benzylamines

β-CD/Pdc H2 (20 bar) Aqueous solution, RT, 1 h Excellent yields 312

a	 Nanoparticles.
b	Recyclable catalyst.
c	 β-cyclodextrin stabilized Pd nanoparticles.
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two steps, the first step being the formation of the Schiff base, and the second 
was the hydrogenation of the imine intermediate. A similar reductive amina­
tion of benzylamines with aromatic and aliphatic amines was successfully car­
ried out on graphene-supported NiPd alloy nanoparticles under mild condition. 
The product benzylidenebenzylamines were obtained in moderate to excellent 
yields (64%–99%).314

The cascade nitro reduction-reductive amination have been successfully de­
veloped by Cho et  al. using AuPd/Fe3O4 nanoparticles.315 Although it was a 
one-pot system containing the substituted nitrobenzenes with substituted benz­
aldehydes, the first step was the reduction of the NO2 group to NH2, which un­
derwent an immediate Schiff base formation with the aldehyde, and finally the 
imine was hydrogenated to secondary amine (Scheme 19a). Further application 
of the catalytic system led to the formation of heterocyclic products (Scheme 19b)  
via the NO2 to C-N-Ar reduction and subsequent ring closure of the intermedi­
ate, successfully combining four steps in a one-pot reaction.

In addition to the earlier applications there is significant interest in the dia- 
and enantioselective hydrogenation of imines and enamines.316, 317 However, as 
a special chapter is devoted to enantioselective heterogeneous catalysis, these 
applications will be discussed in detail in Chapter 3.10.

SCHEME 18  Reductive amination of carbonyl compounds with NH3 and primary amines on an 
in situ formed Raney Ni catalyst.

SCHEME 19  One-pot cascade nitro reduction-reductive aminations by AuPd-Fe3O4 catalyst.
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3.1.5.4  Hydrogenation of azides

Alkyl and aryl azides are important synthons for the preparation of a broad range 
of compounds from heterocycles to amines. The reduction of the azide group 
readily provides primary amines that also have widespread applicability in the 
synthesis of bioactive compounds, materials, or fine chemicals. Ahammed et al. 
applied copper nanoparticles for the transfer hydrogenation of aryl azides using 
ammonium formate as the hydrogen source in water (Scheme 20a). The reaction 
occurred under relatively mild conditions providing the products in moderate to 
good yields. Most importantly copper as a hydrogenation catalyst shows remark­
able selectivity toward the reduction of the azides and several reduction sensitive 
groups, such as halogens, carbonyl, nitro, protecting groups (allyl, benzyl), or 
nitrile, are tolerated.318 A similar, highly selective approach was described by 
using Pd/boron nitride88 or resin-supported Pd (Pd/CR11 and CR20) catalysts84 
(Scheme 20a). The reduction of the azide group is also a convenient way to intro­
duce an amino function to more complex compounds as it was achieved during 
the synthesis of epipodophyllotoxin-N-mustard hybrid compounds for complex 
formation with topoisomerase II and DNA (Scheme 15b).319, 320

SCHEME 20  Heterogeneous catalytic hydrogenation of azides on various catalysts.
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The examples show that the hydrogenation of the N3 group to NH2 readily 
occurs on Pd and Cu catalysts, both are known for their efficacy in the hydro­
genation of highly sensitive groups, such as CC, etc., and in the same time 
a moderate hydrogenation power for the reduction of more resistant functional 
groups, e.g. aromatic rings or nitriles. Accordingly, the reaction conditions for 
the hydrogenation of the azido group using these two metals appear to be mild, 
often involving ambient temperature reactions and low hydrogen pressures.

3.1.6  Chemo- and regioselective hydrogenation of 
compounds with multiple hydrogenation sensitive groups

The earlier subchapters described the hydrogenation of a broad variety of functional 
groups; however, in an overwhelming majority, the examples were related to the hy­
drogenation of isolated groups; there was no other functional group in the compounds 
that also could undergo hydrogenation. Although often even the hydrogenation of 
such isolated groups can cause difficulty, the real challenge is when two or more hy­
drogenation sensitive groups are in one compound. In such cases, there are two pos­
sibilities: (i) to carry out an uncontrolled hydrogenation that will saturate/reduce all 
possible functional groups and (ii) to aim for a chemo- (two or more different groups) 
or regioselective (two or more of the same functional groups, e.g., two CC double 
bonds or two carbonyl groups, etc.) hydrogenation. In the following subchapter efforts 
on such chemo- and regioselective hydrogenations will be summarized. One of the 
primary examples is the hydrogenation of unsaturated carbonyl compounds.

3.1.6.1  Selective CC bond hydrogenation of α,β-unsaturated 
carbonyl compounds

The selective hydrogenation of unsaturated carbonyl compounds is difficult; 
however, to selectively achieve these transformations with the conjugated  
α,β-unsaturated carbonyl compounds is an even more challenging task. There 
are two different pathways that could lead to the fully hydrogenated saturated 
alcohol as depicted in Scheme 21. The hydrogenation of the CC double bond 

SCHEME 21  Potential pathways in the hydrogenation of α,β-unsaturated compounds yielding 
saturated alcohols.
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often occurs first under common conditions (pathway (a)); however, subsequent 
hydrogenation of the unsaturated alcohol intermediate (pathway (b)) also yields 
the same product.

Although the selective hydrogenation of these compounds to their corre­
sponding saturated carbonyl product (pathway (a) in Scheme 21) is highly de­
sirable from an industrial point of view,321 one must not overlook that this is the 
less challenging task. The hydrogenation of the CC bond commonly occurs 
under very mild conditions and especially when a catalyst of reduced strength 
is used, the appropriate selection of hydrogen pressure and/or reaction tempera­
ture solves the problem. Thus the CC bond hydrogenation of α,β-unsaturated 
compounds is a successful process in the case of most substrates as demon­
strated in Table 10.

As presented in Table 10, Pd catalysts dominate these hydrogenations, simi­
larly to the overwhelming majority of applications in CC bond hydrogena­
tions. Essentially, as for alkene hydrogenations, the reaction conditions are also 
mild, serving two purposes: one to ensure to meet green synthesis requirements 
and two, to avoid the reduction of the carbonyl group.

In addition to the earlier applications there is significant interest in the en­
antioselective CC hydrogenation of α,β-unsaturated compounds, including 
unsaturated ketones341–345 and carboxylic acids.346–351 However, as a special 
chapter is devoted to enantioselective heterogeneous catalysis, these applica­
tions will be discussed in Chapter 3.10.

3.1.6.2  Selective CO reduction of α,β-unsaturated carbonyl 
compounds

The chemoselective hydrogenation of the CO group in α,β-unsaturated car­
bonyl compounds results in unsaturated alcohols (Scheme 21). Unsaturated 
alcohols are valuable products and building blocks in the pharmaceutical and 
fine chemicals industries, and important fragrance additives in the food and per­
fume industry. As described before, the selective reduction of the CO group 
in the presence of a CC bond is challenging, thus the synthesis of unsaturated 
alcohols via catalytic hydrogenation of unsaturated carbonyl compounds had 
attracted significant interest. Despite the technical difficulties, however, sev­
eral methods that produce nearly 100% chemoselectivity have been reported as 
tabulated in Table 11.

As the data in Table 11 show the application of platinum catalysts dominates 
this research field, although other metals such as Ru, Fe, or Au have also been 
applied. Commonly, the solution lies in the preparation of a special catalyst 
that enhances the surface adsorption of the CO vs the CC bond. Au- and 
Pt-based catalysts are the most efficient for this selective transformation. Other 
metals such as Fe, Zn, and Ag have also been studied.
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TABLE 10  Selective CC bond hydrogenation of α,β-unsaturated compounds to their corresponding saturated carbonyl 
derivative.

Entry Substrate Catalyst
Hydrogen 
source Conditions Comments Ref.

1 Cinnamaldehyde Pd NPsa immobilized on 
ionic liquids
β-CD/Pdb

Ni12P5/SiO2

and Ni2P/SiO2

Pt-Ni/CNTc

in situ formed Raney Ni

H2 (5–20 MPa)
Al-H2O

m-Xylene, 
cyclohexane, 
EtOH, water RT-
120°C

90%–100% Yield, catalyst 
recycled 9 times with no 
loss of activity or leaching, 
increased selectivity in 
presence of NaOAc, KBH4

b

312, 
322–326

2 Cinnamaldehyde, 
ethyl and vinyl 
cinnamate

10 wt% Pd/C H2 (1 atm) Ionic liquid 100% yield, recyclable 
catalyst

327

3 Substituted 
2-cyclohex-en-1-
ones

Pt/MCMd

β-CD/Pdb
H2 (2 MPa), 
10 min, 40°C

scCO2 (7–
14 MPa), water, 
10 min-2 h,  
RT-40°C

Yield >95% 312, 328

4 Isophorone β-CD/Pdb

Pd/Al2O3

Pd/BaCO3

Raney Ni

H2 (20 bar) Aqueous solution, 
MeOH, proline 
modifier, RT, 2 h

100% Yield 312, 
329–337



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

5 α-N-acetyl-
amino-cinnamic 
acid

In situ formed Raney Ni Al-H2O Aqueous solution 90% yield, 100% 
chemoselectivity for  
N-acetyl-phenylalanine

338

6 Mesityl-oxide, 
3-Me-1-pentyne-
3-ol

Pd/ZSM-5e, Pd/silicalite 
chip

H2 (1.5–20 bar) Gas phase, flow Conversions: 40%–100% 339

7 Cinnamic acid Pd/C H2 (10 mbar) EtOH, 8 min, 
25°C

Kinetic comparison of 
commercial Pd/C catalysts

340

a	 NP, nanoparticles.
b	Cyclodextrin stabilized Pd nanoparticles, KBH4 was used as reducing agent while preparing the catalyst.
c	 Carbon nanotubes.
d	A mesoporous silica material.
e	 A synthetic zeolite.
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TABLE 11  Chemoselective CO hydrogenation of α,β-unsaturated carbonyl compounds to produce α,β-unsaturated alcohols.

Entry Substrate Catalyst
Hydrogen 
source Conditions Comments Ref.

1 Cinnamaldehyde Pt/CNTa

Pt-CTA-MM or Pt-CTA-Hecb

Pt/RHCcd
Pt/Cr-ZnO
Fe and Zn promoted Pt/C
Ru-mesoporous carbon, modified 
ZrO2

Pt/K-10
Pt/SiO2

H2 (0.5–7 MPa) iPrOH, EtOH, 
scCO2, cyclohex-
ane, 50–110°C

Nanotubes of 3 nm 
diameter showed 
best selectivity, 
T dependence of 
selectivity, 3 phase 
system, bifunctional 
Pt/K-10 (clay) catalyst, 
ultrasonic enhancement

352–364

2 Crotonaldehyde Ru-Ti/SiO2

Au/CeO2

Br-promoted PtZn

H2 (1 MPa), 60–80°C, vapor 
phase system, 
flow system-
200°C

Ti or CH3Br in H2 
increased the selectivity

365–367

3 α,β-unsaturated 
aldehydes and 
ketones

Au0, Ag0 and polymer stabilized  
Au0-Ag0 nanocolloids, Aun(SR)m

d
H2 (0.1–4 MPa) 0–60°C High selectivities 

for allylic alcohols, 
long reaction times, 
Au25(SR)18 showed 
100% selectivity

368, 369

a	 Pt nanoparticles deposited on carbon nanotubes.
b	MM, montmorillonite; Hec, hectorite.
c	 Pt supported on rice husk-based porous carbon.
d	Thiolate stabilized Au nanoparticles.
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3.1.6.3  Complete hydrogenation of multiple functional groups 
using the same catalytic system

The earlier discussed hydrogenations focused on the selective (chemo or regio) 
hydrogenation of various substrates. Hence, the goal was always to develop a 
catalytic system with the combination of the actual catalyst and experimental 
conditions that would focus on one, and only one functional group. In addition 
to these efforts, investigations are also underway to establish catalytic systems 
that reduce different functional groups such as carbonyls, alkenes, alkynes, ni­
tro groups, azides, etc. that are present in the same compound in one reaction. 
These hydrogenation reactions will result in the complete hydrogenation of 
each group in the target compounds. Representative examples of this area are 
described in Table 12.

The data indicate a greater variety in the catalytic metals than as it was 
in the chemoselective hydrogenations; most noble metals are represented with 
the addition of Ni. However, the major developments occured in the testing of 
different catalyst supports from zeolites or mesoporous silica to carbon nano­
fibers. Several examples focused on the potential recyclability of the catalysts 
and experimented with magnetic supports that can be easily separated from 
the reaction mixtures. In most examples hydrogen gas was used as a hydrogen 
source; however, alcohols have also been applied for the same purpose in trans­
fer hydrogenations. The use of glycerol is particularly notable, as this material 
is a multimillion ton by-product of the biodiesel production and as such it is 
a sustainable hydrogen source. The conditions are widely varied based on the 
substrates and the targeted hydrogenation-sensitive functional group.

3.1.7  Heterogeneous catalytic hydrogenations by 
nonconventional activation methods

The emergence of the nontraditional activation methods appears to strengthen 
the green and sustainable chemistry movement; these methods are fre­
quently applied in synthesis development and environmental applications.381 
Heterogeneous catalysis, including catalytic hydrogenation, is no different; sev­
eral methods have been applied with success in this field. Here, the focus will be 
on the application of microwave irradiation and ultrasound-aided heterogeneous 
catalytic hydrogenations as these methods are now considered mainstream acti­
vation methods in chemical reactions.

3.1.7.1  Microwave-assisted hydrogenations

Since the 1980s Microwave-Assisted Organic Synthesis (MAOS) became one 
of the most dynamically developing fields that particularly aided the growth of 
organic synthesis.382–390 However, due to the common arcing phenomenon, es­
pecially in flammable organic solvents, metals and microwave irradiation were 
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TABLE 12  Hydrogenation of multiple functional groups present in a compound using the same catalytic system.

Entry
Substrates/functional 
group Catalyst

Hydrogen 
source Conditions Comments Ref.

1 Citronellal Ni/Zr-Beta, Zr-beta/Ni-
MCM-41a

H2 (2 MPa) 80°C, 
tBuOH, 
7–22 h

One-pot conversion to 
menthol, high de (up to 
94%)

370

2 Alkenes, alkynes, NO2, 
carbonyl

Polymer caged Pt 
catalyst

H2 (1 bar) RT, THF, 1 h Excellent yields, broad 
scope

371

3 Alkenes, NO2, N3 10 wt% Pd/C with Ph2S H2 (1 bar) RT, MeOH, 
24 h

Extremely unreactive 
toward hydrogenolysis, 
nitrile reduction, 
recyclable catalyst

372

4 Alkenes, NO2, N3, alkynes Pd/NH2-ferrite 
nanoparticles
In situ formed Raney Ni

H2 (1 bar)
Al-H2O

RT, EtOH, 
EtOAc, 
15–35 min

Magnetically recovered 
catalyst, excellent yields 
(75%–99%)

54, 373

5 Alkenes, alkynes, carbonyl Ni/NH2-ferrite 
nanoparticles

H2 (100 psi) RT, MeOH, 
24 h

Unreactive toward NO2, 
magnetically recovered 
catalyst, and leach proof

374

6 Alkenes, alkynes, N3 0.5% Pd/MSb (3 Å) H2 (1 bar) RT, MeOH, 
24 h

Unreactive toward NO2, 
halogens, benzyl groups, 
up to 100% yields, 
recyclable

375
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7 Benzene and α,β-
unsaturated amino acids

Rh nanoparticles in 
ionic liquids

H2 (40–
100 bar)

40–120°C, 
iPrOH, 
0.5–2 h

Rh nanoparticles 
stabilized in simple 
ammonium halide salts

376

8 Alkenes, aromatics, 
ketones

Pt(0)/Fe3O4@SiO2-NH2 H2 (6 bar) 75°C, neat, 
0.27–4 h

Magnetically recoverable 
and reusable catalyst, 
high activity, mild 
conditions

377

9 Benzenes, stilbene, 
phenols, pyridines and 
furans

Rh supported on carbon 
nanofibers

H2 
(1–10 bar)

RT, hexane, 
12–24 h

Efficient arene 
hydrogenation, mild 
conditions without 
leaching of Rh, highly 
tolerant toward epoxide 
substitution

378

10 Cyclohexene, 
nitrobenzene, styrene

5 wt% Pd/C, Raney Ni glycerol 70°C, 
glycerol, 
1–24 h

Glycerol as a hydrogen 
source, moderate yield 
for nitrobenzene

379

11 Acetophenone, 
benzaldehyde, 
cyclohexanone, nitro-
benzene, and styrene

Pd/Al2O3 MeOH, 
other 
alcohols

20°C, aq. 
alcohol, 
flow system

Reaction under aqueous 
conditions

380

a	 A mesoporous silica material.
b	MS, molecular sieve.
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considered incompatible for some time.391, 392 Further studies, however, pointed 
out that arcing was strongly size dependent, and using catalysts with reason­
ably small metal particles make these materials safe to use. Since most com­
mercially available supported metal catalysts inherently fulfill this requirement 
with their mostly nm size metal particles, metal-catalyzed organic synthesis can 
be safely carried out by microwave activation. Pioneering works on microwave-
assisted hydrogenations, focusing mainly on transfer hydrogenations, were es­
tablished in the early 2000s. These examples used readily available hydrogen 
donor agents such as formate, isopropyl alcohol, or cyclohexene. However, 
these reactions used (super)stoichiometric hydrogen donor agents and produce 
significant amount of waste, thus they do not conform to the principles of sus­
tainable chemistry. Later, molecular hydrogen, the traditional hydrogen source 
of catalytic hydrogenations, became the hydrogen source of choice.393 The de­
velopment of special pressurized attachments to the regular microwave reac­
tors significantly improved the interest in microwave-assisted heterogeneous 
catalytic hydrogenations.394 Since it is a relatively new field within MAOS the 
available processes that are tabulated in Table 13 are somewhat limited.

The data listed in Table 13 shows a broad scope for these reactions. The ap­
plications range from simple CC double bond hydrogenations to chemo- and 
regioselective reactions and reductive aminations. With few exemptions (neat 
metals, e.g., PtO2 or Raney Ni), the catalysts are supported metals that possess 
the appropriate metal particle size that can be safely used in microwave-assisted 
applications. Given the need for activation, the reactions are usually carried out 
at elevated but still moderate temperatures in very short reaction times. The ap­
plication of microwaves often results in not only faster reactions but also higher 
yields and selectivities as compared to the regularly heated examples.

3.1.7.2  Ultrasound-assisted hydrogenations

The sonochemical heterogeneous catalysis was introduced several decades ago 
and now it is an established research field.178, 405–408 Sonocatalysis is broadly ap­
plicable, and its use in heterogeneous hydrogenations also attracted significant 
interest.409, 410 Applications are explored in three related areas such as catalyst 
preparation,411 the sonochemical modification of commercial catalysts, most 
commonly by chiral auxiliaries, and reactions carried out under ultrasonic irra­
diation. When it concerns heterogeneous catalytic hydrogenations, sonochem­
istry nearly always enhanced catalytic performance, whether this improvement 
was related to reaction rates or selectivity. Representative applications are tabu­
lated in Table 14.

Similarly to the microwave-assisted applications, ultrasonic irradiation is 
also applied in heterogeneous catalytic hydrogenations for a broad variety of 
functional groups such as nitro, alkenes, or carbonyl, covering α-ketoesters to 
natural products. Accordingly, the applied metal catalysts are widely varied 
both by the metal and the type of the catalyst (e.g., supported or bulk metal), the 
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TABLE 13  Microwave-assisted heterogeneous catalytic hydrogenations.

Entry Substrate Catalyst Hydrogen source Conditions Comments Ref.

1 α,β-Unsaturated carbonyl 
compounds

PdCl2/SiO2 HCOOH MeOH, H2O, 
22–55 min

100% Selectivity for CC, broad 
scope, yields up to 96%, aq. 
medium

395

2 Acetophenone and 
propiophenone

In situ formed 
Raney Ni

Al-H2O H2O/D2O, 10 min Quantitative yields, CO to CH2 
conversion

204

3 Aliphatic primary amines Pt/C Al-H2O Water Coupling of amines to imines and 
their hydrogenation

396

4 Mono-, dinitro-arenes Pd/C Methylcyclohexene Alcohols Reduction to anilines 397

6 Cinnamic acid esters 10% Pd/carbon 
nanotubes

HCOONH4 EtOH, 5 min Selective reduction of CC 
double bond

398

7 Cinnamic acids, stilbene 10 wt% Pd/C 1,4-Cyclohexadiene EtOAc, 5 min, 
100°C

Yields up to 99% 399

8 Substituted pyridines PtO2 H2 (120 psi) AcOH, 80°C, 
20–60 min

Compatible with acid-labile 
groups

400

9 (E,E)-1,4-diphe-nyl-1,3-butadi-
ene, cholesterol

10 wt% Pd/C H2 (4 bar) EtOAc, 5 min, 
80°C

Dependent upon agitation 401

10 Various aromatic ketones Pt-Al-SBA-15 iPrOH NaOH, 15 min TOFs of 5000–40,000 h−  1 402

11 Terminal alkynes, aromatic 
ketones and aromatic 
aldehydes

Ru nanoparticles 
supported on 
NiFe2O4

 Differ according to 
the substrate

Cat. magnetically recoverable, 
and recyclable

403

12 Various substituted 
nitroaromatics

Pd/C or Pt/C 1,4-Cyclohexadiene 
(6 eq.)

MeOH, 5 min, 
120°C

Broad scope, tolerates labile 
functional groups like halo, CN

404

SBA, Santa Barbara amorphous material, a form of mesoporous silica.
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TABLE 14  Application of sonochemical activation in heterogeneous catalytic hydrogenations.

Entry Substrate Catalyst
Hydrogen 
source Conditions Comments Ref.

1 α-Ketoesters Pt/Al2O3 H2 (1–
100 atm)

AcOH, cinchona 
alkaloids

Excellent ee values, ee enhancement upon 
sonication, ultrasonic bath

178, 234–239, 
250, 251, 346, 
361, 412–416

2 3-Buten-1-ol Pd black H2 (6.8 bar) RT, 1-pentanol Probe type reactor, isomerization to 
cis- and trans-2-buten-1-ol favored over 
hydrogenation, 700-fold selectivity increase 
upon use of 1-pentanol

364, 417, 418

4 Cinnamaldehyde Pd black, 
Raney Ni
Co-B alloy

H2 (8.5 atm) iPrOH, water, RT Benzenepropanol via benzen-propanal, 
cinnamyl alcohol

364, 419

5 2-Buten-1-ol, cis-
2-penten-1-ol (cis/
trans)

Pd black H2(80 psi) H2O, 1-propanol, 
RT

1-Propanol is added to enhance cavitation 420

6 Ketopantolactone, 
1,1,1-triluoro-2,4-
pentandione

Pt/Al2O3 H2 (10 bar) RT (3R)-dihydro-
4,4-dimethyl-
3-[[(1R)-1-(1-
naphthyl)ethyl]
amino]-2(3H)-
furanone

Excellent ee’s (93%, ketopantolactone) and 
100% chemoselectivity of the activated CO 
of the diketone

421
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7 d-fructose Cu/SiO2,  
Cu/ZnO/
Al2O3, Raney 
Ni

H2 (10–
50 bar)

Water, 24–54 min, 
70–110°C, 
0–130 W/cm2

d-mannitol is the major product, significant 
rate enhancement

422

8 Trifluoromethyl-
alkenes, 
cycloalkanes

PtO2 H2 (1 bar) Et2O, RT Increased yields 423

9 1-Phenyl-1,2-
propanedione

Pt/Al2O3,  
Pt/SiO2, Pt/SF 
(silica fiber), 
Pt/C

H2 (1 bar) Cat. substrate, 
cinchonidine 
ultrasounds

Significant increase in ee on Pt/SF catalyst up 
to 60% ee

252

10 3-Buten-2-ol and 
1,4-pentadien-3-ol

Pd black H2 (6.8 bar) RT, 20 kHz 
ultrasound

Probe reactor, competing isomerization and 
hydrogenation

424

11 Alkenes Raney Ni D2 (7 atm) H2O (50 mL), RT Probe reactor, competing isomerization and 
hydrogenation

425

12 Dehydrocholic 
acid

Raney Ni H2 (1 bar) Water as solvent, 
30°C, 20 h

High intensity ultrasounds, high regio- and 
stereoselectivity, product: 7,12-diketo-
lithocholic acid

426

14 Methyl 
acetoacetate

Raney Ni H2 (0.6 MPa) Tartaric acid, NaBr, 
MeOH, 60°C, 1 h

Excellent ee’s 427

15 4-Chloronitro-
benzene

Ni-B alloy H2 (1 MPa) EtOH, 80°C, 
1.5–6.5 h

Cat. prepared under sonication 428

16 Nitrobenzene Pd/
maghemite

H2 (10 bar) No extra solvent Selective formation of anilines 429

17 Maltose Ru-B 
amorphous 
alloy

H2 (3 MPa) Water, 100°C, 3 h Catalyst prepared under 60 W ultrasonic 
activation, activity increases 10-fold

430
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sonochemical treatment appears to uniformly activate these reactions. Although 
the detailed description of the underlying principles is beyond the scope of this 
chapter, ultimately there are two major sources for the enhanced catalytic per­
formances: (i) the so-called surface cleaning effect that ensures the removal of 
impurities, such as oxides, from the surface of the metals thus providing pris­
tine metal surfaces and (ii) the particle size decreasing effect of the ultrasounds 
that is caused by the breaking up of larger particles upon cavitation. With the 
decreasing particle size the metal surface available for the hydrogenations in­
creases, thus resulting in higher reaction rates.

3.1.8  Conclusions and outlook

Advances, reported in the 1996–2021 period, in the applications of heterogeneous 
catalytic hydrogenations have been reviewed in this chapter. Heterogeneous cat­
alytic hydrogenation is one of the major contributors to the sustainable synthetic 
endeavor and remains an important method in synthetic and industrial applica­
tions alike. The recent developments target new areas and also extend traditional 
ones. Among the traditional areas catalyst design and preparation remain the 
focus, bridging out to materials science by using various functional polymers as 
catalyst supports, by applying metal-organic framework based catalysts in hy­
drogenations or employing magnetically separable supports to enhance catalyst 
recovery and recycling. Based on the significant advancements made in the past 
two decades and the number of applications published in industrial and syn­
thetic chemistry, it is apparent that heterogeneous catalytic hydrogenation will 
remain an important tool for environmentally benign and sustainable chemistry 
and will be a major driving force in sustainable synthesis development.
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Chapter 3.2

Heterogeneous catalytic 
hydrogenolysis of organic 
compounds

3.2.1.  Introduction

A reaction is defined as hydrogenolysis when an X-Y σ-bond is broken by the 
introduction of a hydrogen molecule and X-H and Y-H bonds form (Scheme 1).1 
In open-chain compounds two products are obtained, while the hydrogenolysis 
of cyclic compounds yields one product. As a general rule the bond polariza-
tion plays an important role; a more polarized bond breaks more readily than 
nonpolarized counterparts.

Hydrogenolysis reactions are commonly classified by the bonds that break and 
accept the two hydrogen atoms. In this chapter the hydrogenolysis of all common 
CC and C-heteroatom bonds is discussed focusing on CC, CO, CN, C-halogen, 
CSi, CS bonds; however, the hydrogenolysis of heteroatom-heteroatom bonds, 
such as NO, NN, or SiO bonds will also be reviewed. Hydrogenolysis can 
be carried out under homogeneous as well as heterogeneous conditions that are 
largely similar to the conditions of hydrogenation.2–7 Thus the best catalysts are 
the typical hydrogenation catalysts, namely transition metals as described ear-
lier, although other materials, such as silica supported Zr-hydrides,8, 9 LaCoO3,

10 
CuxMo6S8 − δ,11 CuZn bimetallic catalysts,12 Fe-containing nanocatalysts13 or sin-
gle atom catalysis14, 15 have also been studied. Due to the activity, stability, appli-
cability, and potential recyclability of supported metals that conform to the green 
chemistry requirements16, 17 these are the most frequently applied catalysts for hy-
drogenolysis reactions. The most commonly applied metals for hydrogenolysis re-
actions are Pt, Pd, Rh, Ni.3, 5 In addition to the traditional catalytic hydrogenolysis 
methods, microwave-assisted methods have also been extensively explored.18–20 
Although an overwhelming majority of studies focus on experimental approaches, 
theoretical density functional theory studies also investigate the impact of the metal 
of the catalysts and heteroatoms on the hydrogenolysis reactions.21

SCHEME 1  Generic reaction scheme of a hydrogenolysis reaction.
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As a new addition to the traditional fields of hydrogenolysis, the emergence 
of green chemistry resulted in the development and applications of new cata-
lysts that are used for the hydrogenolysis of biomass-related chemicals, such 
as glycerol or tetrahydrofurfuryl alcohol.22 Thus a separate subchapter will be 
devoted to these reactions.

3.2.2.  CC bonds

The hydrogenative cleavage of CC bond in alkanes is quite challenging due 
to the low polarity and hence high stability of these compounds. The aliphatic, 
open-chain compounds are the most unlikely to undergo CC bond hydroge-
nolysis in a controlled manner to form a product selectively. While these re-
actions are carried out in the chemical industry regularly, the processes yield 
product mixtures, often from competing reactions.23 In contrast to open-chain 
alkanes, cycloalkanes undergo hydrogenolysis more readily due to their ring 
strain. However, the size of the ring significantly affects the required reaction 
conditions. The transition metal catalyzed ring opening of cycloalkanes was 
studied extensively due to their importance in theoretical and industrial catalytic 
hydrocarbon chemistry.24 Cyclopropane, metallacyclobutane and cyclopentane-
like adsorbed species are well-established intermediates in the skeletal isom-
erization of saturated hydrocarbons. This research area enjoyed considerable 
attention in the 1970–80s period and was extensively reviewed.25–28 As a gen-
eral rule, higher the ring strain, the less harsh temperatures are required. Thus 
the ring opening of cyclopropanes occurs at the lowest temperatures without 
any side reactions and the highly stable cyclohexanes react very sluggishly even 
at high temperatures. Substituted cycloalkanes can form various cleavage prod-
ucts depending on their structures and the bond hydrogenolyzed. Representative 
examples of cycloalkane hydrogenolysis are summarized in Table 1.

The hydrogenative ring opening of the earlier cyclic hydrocarbons usually 
occurs in the sterically less hindered a position (Table 1). The only exceptions 
are propylcyclopropane and propylcyclobutane (Table 1, entries 2, 3). In these 
cases the sterically hindered b direction dominates. Based on several studies 
on a variety of metal catalysts (Pt, Pd, Rh, and Ni) it was confirmed that the 
effect is not metal dependent, the acidity of the support was also excluded as 
a potential source of this unexpected selectivity. It has been proposed that the 
long alkyl chain also undergoes adsorption on the surface of the catalyst and 
anchors the molecule in an orientation where the sterically more hindered CC 
bond is closer to the metal surface, hence the cleavage occurs predominantly at 
the bond that is adjacent to the side chain. Interestingly, the shorter ethyl and 
methyl cycloalkanes do not show this behavior. While the ring opening of cy-
cloalkanes is not a large-scale synthetic reaction, the ring-opening hydrogenoly-
sis of cyclopentane, methylcyclopentane, and cyclohexane is one of the most 
frequently used test reactions to evaluate the activity and selectivity of tailored 
catalysts (Table 1, entries 4, 5, 9).
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TABLE 1  Hydrogenolysis of substituted cycloalkanes on metal catalysts.

Entry Substrate Catalyst Conditions Comments Ref.

1 Alkylcyclopropanes and 
butanes

Cu/SiO2, Pt/SiO2, 
Pd/SiO2, Rh/SiO2, 
Ni/SiO2

50–170°C, 
20–80 kPa H2

Cyclopropane ring opening occurs at lower T 
and hydrogen pressure, selectivities are similar 
for both groups

29–33

2 Propylcyclopropan, 
propylcyclobutane

Pt/SiO2, Pd/SiO2, 
Rh/SiO2

100–400°C, 
3.3–80 kPa H2

At lower temperatures the unexpected b 
product dominates, at higher temperatures and 
low hydrogen pressures ring enlargement and 
aromatization occurs

34–40

3 Monoalkylcyclobutanes Pt/SiO2, Pd/SiO2, 
Rh/SiO2, Ni/SiO2

200–400°C, 
3.3–60 kPa H2

With short side chains (Me, Et) the sterically less 
hindered a cleavage dominates, with propyl 
pathway b is the major cleavage route

41–44

4 Methylcyclobutane and 
methylcyclopentane

Pt/SiO2, Pd/SiO2 200–400°C, 
3.3–73 kPa H2

Kinetic measurement, statistical a/b selectivity, 
H-D exchange studied by surface FT-IR

45

5 Methylcyclohexane Ir/Al2O3 250°C, 0.63 M Pa 
H2/D2

Mechanistic, H-D exchange, isotope effect, 
cleavage at a and b dominates

46

6 Tetracyclopropylmethane PtO2 H2, PtO2, AcOH, 
20°C, 4.5 h

Ring opening of all cyclopropyl rings to tetra-iPr-
methane, quantitative yield

47, 48

Continued
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TABLE 1  Hydrogenolysis of substituted cycloalkanes on metal catalysts—cont’d

7 Perspirocyclopropanated 
bicyclopropylidene

(a) Pd/BaSO4;
(b) PtO2

(a) H2, hexane/
MeOH, 20°C, 
2 h;

(b) H2, hexane/
AcOH, 20°C, 
2.5 h

Selective ring opening of specific cyclopropane 
units, yields: 23%–82%

49

8 Tetracyclopropyl 
adamantane

PtO2 H2, hexane/AcOH, 
20°C, 2 h

Ring opening to tetraisopropyl adamantane, 
100% yield

50

9 Cyclopentane, Me-
cyclopentane

Rh-Sn-B/Al2O3

Pt-Ir/TiO2, Rh-Sn/
Al2O3, Pt-Rh

H2 (up to 1 atm), 
100–300°C, flow

Used for catalyst characterization 51–55

10 Decalin Pt-Ir/TiO2 H2 (3 MPa), 325°C, 
6 h

Ring opening is the main reaction, 
dehydrogenation, etc. also occur

53

11 n-Heptane Pt/γ-Al2O3-Cl
Pt-Sn-Ce/Al2O3

H2 (0.4–10 bar), 
up to 500°C, flow 
system

Alkenes, aromatics, cracking products, 
conversion up to 70%

56, 57

Entry Substrate Catalyst Conditions Comments Ref.
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The mechanism of these hydrogenolysis reactions occurs via various 
surface-bound intermediates, whether it purely involves metal-carbon anchor-
ing or takes place with the participation metal-support interfaces.58 The most 
common types of intermediates of alkylcycloalkane ring-opening hydrogenoly-
sis are illustrated in Fig. 1.

The hydrogenolysis of cyclopropane derivatives was broadly applied in syn-
thetic chemistry as well.3, 5, 59 The heterogeneous catalytic hydrogenolysis of 
enantioenriched cyclopropanes on Pd/C catalyst under mild conditions readily 
yielded trans-α-alkoxycarbonyl-β-benzyl-γ-lactones or β-substituted γ-aryl-
α,α-diesters in excellent yields and with high enantiomeric excess (Scheme 2a 
and b).60 The reaction can be applied for the synthesis of chiral natural products, 
such as yatein. When the ring opening was carried out with deuterium gas, the 
corresponding monodeuterated products were obtained (Scheme 2c). The deu-
teration only occurred at the benzylic position; there was only a trace amount of 
D found in the α-position. Although the mechanism is unclear at this point, the 
authors explained the presence of H in that position by exchange occurring with 
the H2O content of the Pd/C catalyst or the solvent itself.

FIG. 1  Proposed surface intermediates for the hydrogenative ring opening of methylcyclobutane 
(n = 1) and methylcyclopentane (n = 2).

SCHEME 2  Heterogeneous catalytic hydrogenolysis of bicyclic cyclopropyl lactones (A) and tet-
rasubstituted cyclopropanes (B) as well as deuterolysis (C) on Pd/C catalyst.
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Similar applications of Pd and Raney-Ni catalysts have also been described 
for the ring opening of enantiomeric cyclopropanes (Scheme 3).61–64

The synthesis of highly functionalized enantiopure oxatricyclo[3.3.1.04,6]
nonanes has been achieved by the selective hydrogenative ring opening of an 
activated cyclopropane containing precursor by Pd/C-catalyzed hydrogenolysis 
(Scheme 4).65 Although the hydrogenolysis is essentially a debenzylation reac-
tion, the highly strained system opens up during the reaction to provide the 
products.

The PtO2-catalyzed hydrogenolysis of cyclopropyl-methylamine moiety 
attached to multiring systems resulted in the formation of the corresponding 
isobutyl amine derivative with good to modest selectivity, depending on the 

SCHEME 3  Hydrogenolysis of cyclopropanes with donor (D) and acceptor (A) groups on 
Raney-Ni and Pd catalysts.

SCHEME 4  Hydrogenolysis of the cyclopropane ring in a multiring system with Pd/C catalyst.
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reaction time and the amount of the catalyst used (Scheme 5).66 The ring open-
ing occurred under mild conditions, e.g., at room temperature. The scope of 
the reaction included N-, O-, and C-cyclopropylalkyl derivatives. Even nonacti-
vated cyclopropane rings underwent cleavage; however, cyclobutyl derivatives 
were resistant to the ring opening.

The heterogeneous catalytic ring opening of the cyclopropane unit of a Boc 
protected spiro[2.5]oct-6-ylmethylamine was applied during the synthesis of 
4-amino-2-cyanopyrimidines (Scheme 6),67 that is a novel scaffold for non-
peptidic cathepsin S inhibitors. The reaction occurred with nearly quantitative 
yield (96%).

The selective ring opening of the cyclopropyl group in (3S)-trans-3-
aminohexahydro-7-(cyclpropyl-methyl)-2-oxo-1H-azepine-1-acetic acid methyl  
ester to the corresponding 7-(2-methylpropyl) product was achieved, though 
with low yield (29%) using PtO2 on carbon catalyst in acidic solutions (Scheme 
7).68 This step was a part of the synthesis of dual metalloprotease inhibitors.

SCHEME 5  Hydrogenolysis of the cyclopropyl ring of naltrexone methyl ether to an isopropyl 
group catalyzed by PtO2 in the presence of various acids.

SCHEME 6  Hydrogenative ring opening of the cyclopropane ring during the synthesis of nonpep-
tidic cathepsin S inhibitors.

SCHEME 7  Hydrogenolysis of the cyclopropyl ring of a dual metalloprotease inhibitor 
intermediate.
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The ring opening of the cyclopropyl group is one of the last steps during the 
synthesis of (+)-sulcatine G. The reaction uses the traditional PtO2 catalyst un-
der acidic conditions (Scheme 8).69 The CC bond hydrogenolysis occurs under 
mild conditions with nearly quantitative yield (95%) though in a relatively long 
reaction (overnight).

During the asymmetric total synthesis of spirocyclopropane and gem-
dimethyl norbornyl carboxylic acids, one of the last steps of the synthesis 
involved the ring opening of the cyclopropane unit by PtO2-catalyzed hydro-
genolysis (Scheme 9).70 The reaction occurred under mild experimental condi-
tions with quantitative yield (99%).

A nearly identical approach was used by Taber and Tian during the synthe-
sis of (−)-hamigeran B, a natural compound with significant antiviral activities 
against herpes and polio. The cyclopropyl ring was introduced by the Petasis 
reagent, and the product later was subjected to a PtO2-catalyzed hydrogenolysis 
that yielded the corresponding isopropyl product under mild conditions, how-
ever, with only moderate (67%) yield (Scheme 10).71

The earlier method was successfully extended for the synthesis of camphor de-
rivatives from an unusual starting material, 7-spirocyclopropyl camphor derivative. 

SCHEME 8  Hydrogenolysis of the cyclopropyl ring during the synthesis of (+)-sulcatine G.

SCHEME 9  Preparation of gem-dimethyl norbornyl carboxylic acid from the corresponding spi-
rocyclopropyl precursor by PtO2-catalyzed hydrogenolysis.

SCHEME 10  PtO2-catalyzed hydrogenolysis of an intermediate during the synthesis of (−)-hami-
geran B.
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The Adam’s catalyst appeared to effectively catalyze the hydrogenolysis of the 
cyclopropane ring (90%) under mild conditions (Scheme 11).72

Harmata and Rashatasakhon also applied the same concept, namely the hy-
drogenative ring opening of a spirocyclopropylcyclooctane for the synthesis of 
the expected gem-dimethyl product (Scheme 12).73 This step was applied during 
the synthesis of a cyclooctanoid sesquiterpen, (−)-dactylol.

In a similar manner, the synthesis of novel triquinane sesquiterpenes 
was accomplished. The process involved a step when the C3-ring hydro-
genolysis of a spirocyclopropyl cyclopentane system was carried out using 
PtO2 catalyst under mild condition, albeit with moderate yield (70%) only 
(Scheme 13).74

The selective hydrogenolysis of one of two cyclopropyl rings in a fused/
spirocyclopropyl-cyclopropane unit containing dipeptide was successfully 
completed by Hendrata et al. with the aim of developing novel antiviral pep-
tides. The traditional PtO2 catalysis achieved the goal under mild experimental 
conditions (Scheme 14).75

SCHEME 11  Hydrogenolysis of a spirocyclopropyl compound to the corresponding camphor 
derivative.

SCHEME 12  Hydrogenative ring opening of a spirocyclopropylcyclooctane during the synthesis 
of (−)-dactylol.

SCHEME 13  PtO2-catalyzed hydrogenative C3-ring opening of a spirocyclopropyl-cyclopentane.
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The ring-opening hydrogenolysis of the cyclopropyl ring in a spirocyclopropyl-
cyclopentanol was carried out by Harrowven et al. to produce a key intermediate 
for the synthesis of (±)-desoxyhypnophilin, a natural product with significant anti-
microbial activity. The traditional PtO2 catalysis was used under mild, acidic condi-
tions (Scheme 15).76

The cyclopropyl group shows interesting stability features. During the devel-
opment of a novel synthesis for the bornane skeleton, several different conditions 
were applied for various reduction steps, including a LiAlH4 reduction and two 
heterogeneous catalytic protocols involving Pd/C and PtO2 as catalysts. While 
the cyclopropane ring showed excellent resistance toward the hydride reduction 
or the Pd/C-catalyzed hydrogenation, it readily underwent a hydrogenative ring 
opening in the presence of PtO2 in acidic medium. In addition, the carbonyl group 
in the compound also remained intact after the hydrogenation (Scheme 16a).77 

SCHEME 14  Selective heterogeneous catalytic ring opening of a spirocyclopropyl-cyclopropane 
to the corresponding 1,1-dimethyl-cyclopropane derivative.

SCHEME 15  Ring-opening hydrogenolysis of the cyclopropane ring during the total synthesis of 
(±)-desoxyhypnophilin.

SCHEME 16  Reactivity of the cyclopropyl ring under various experimental conditions.
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Similar conditions were applied for the ring opening of the cyclopropyl unit dur-
ing the total synthesis of a sesquiterpenoid, longifolene (Scheme 16b).78

A similar approach has been applied for the synthesis of gem-dimethyl 
containing cage systems. The Adam’s catalyst was used under standard condi-
tions to cleave the cyclopropyl ring. At the same time, the two carbonyl groups 
that were present in the compounds also underwent a reduction to form a diol 
(Scheme 17).79 Interestingly, when the dimethyl substituted starting material 
was used, the diol formed a cyclic acetal.

The selective hydrogenolysis of the cyclopropyl group in diastereomeric 
nitrile substituted spirocyclopropyloxindoles on Raney Ni catalyst under mild 
conditions (RT, 35–45 psi H2) has been achieved (Scheme 18).64 The original 
stereochemistry appeared to determine the chemoselectivity of the ring open-
ing. The syn diastereomer provided the corresponding 3-propylacetamide prod-
ucts, as evidenced by X-ray crystallography. Theoretical (DFT) calculations 
were also carried out and revealed that the chemo- and regioselectivity were 
determined by the bond length asymmetry of the cyclopropane moiety.

3.2.3.  CO bonds

The hydrogenolysis of the CO bond is more common in synthetic processes 
than that of the CC bond. However, breaking the CO bond is still notoriously 
difficult, unless the alkyl group contains features that facilitate the bond cleav-
age (e.g., benzyl, tert-butyl) or the CO bond is otherwise activated.3, 5

Hydrogenolysis of cyclic ethers is an important process as the product al-
cohols are in high demand. Two commercially available cyclic ethers, such as 
methyl- and phenyloxirane (also called propylene- and styrene oxides), are typi-
cal test substrates to evaluate the performance of catalysts. Representative ex-
amples of cyclic ether hydrogenolysis are summarized in Table 2.

SCHEME 17  Parallel ring opening of the cyclopropane unit and the hydrogenation of the carbonyl 
groups in cage systems.

SCHEME 18  Raney Ni-catalyzed hydrogenolysis of spiro[cyclopropyl-1,3′-oxindoles].
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TABLE 2  Hydrogenolysis of common oxiranes.

Entry Substrate Catalyst Conditions Comments Ref.

1 Methyl-oxirane Pd/SiO2, Rh/SiO2, 
Au, Au/C, Pt/SiO2, 
Euro-Pt-1

100–400°C, 3.3–80 kPa Various type of C support 80–85

2 Cyclohexane-oxide Cu/SiO2, Pd/SiO2, 
Rh/SiO2

H2 (0–100 kPa), 130°C, deuteration 
as well

Single CO scission via isomerization 
and hydrogenation; double CO cleavage 
(deoxygenation) was also found

86, 87

3 cis-, trans-2,3-dimethyl oxiranes Cu/SiO2 H2 (0–101 kPa), 80–130°C Deoxygenation and isomerization competing 88

4 Stilbene oxide, substituted 
styrene oxides, cyclohexene 
oxide, and alkyl-oxiranes

Pt nanoparticles 
on TiO2

hν (λ > 300 nm), 30°C, 6 h, alcohols 
(iPrOH, EtOH) as solvents and 
hydrogen transfer agents

Styrene oxides: route b, alkyl oxiranes: 
route a dominates, yield: 72%–99%, some 
deoxygenation occurs

89

5 Terminal epoxides (aryl, benzyl, 
alkyl)

Pd/C, doped with 
Lewis acids (Co-, 
Ni-salts)

H2 (1 atm), MeOH, RT, 1–12 h Route a dominates, yield: 15%–99% 90

6 Phenyl-, benzyl oxiranes Pd nanoparticles H2 (1 atm), MeOH, RT, 15–20 h Route b dominates, yield: 51%–98% 91

7 1-Methyl-2-phenyl oxirane Pd/C H2 (1 atm), MeOH, RT, 3 h 1-Hydroxy-2-methoxy product, 80%–95%, 
syn/anti/60:40

92

8 Variety of substituted aryl 
epoxides

Pd0EnCat
Pd/iron oxide

HCOOH (4 equiv), Et3N (4 equiv), 
EtOAc, 23 °C, 0.5–24 h

Yield 82%–99%, 10 times recycled without 
activity drop; magnetically separable catalyst, 
yields: 85%–99%

93, 94

9 A variety of sugar bound epoxides 10% Pd/C H2 (1 bar), MeOH, RT, 24–48 h Yield: 71%–89%, de: 26%–70% 95
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The data in Table 2 indicate that the most common catalytic metals for the 
hydrogenolysis of the epoxide ring are the noble metals (Pt, Pd, Rh) on various 
supports. Copper and gold were also applied in these reactions either in their 
supported metal or nanoparticle forms. Due to the small size and considerable 
ring strain of epoxides, the reactions commonly occur under mild conditions 
with varied selectivities; depending on the catalyst both routes a and b (Table 2) 
can dominate. In addition, deoxygenation and isomerization are the most com-
mon side reactions. In fact, when the catalyst support is somewhat acidic it can 
shift the selectivity of the ring opening to the primary alcohol product. The most 
common application of the earlier applied simple oxiranes is to use them as test 
compounds in the characterization of metal catalysts, most commonly tailored 
samples and potentially compare them to the performance of well-known com-
mercially available reference catalysts.

Similarly to oxiranes other ethers and simple alcohols can also undergo 
hydrogenolysis. In these cases the applied catalysts show a greater variation, 
including Ru, Pd, Pt, Re, Ni in different forms, such as supported catalysts, 
bimetallic nanoparticles, oxide doped metals, or a single crystal applied as an 
electrode for electrochemical hydrogenolysis. Although the reaction conditions 
strongly depend on the metal and the alkyl groups, generally the hydrogenolysis 
of these compounds requires harsher conditions than that of the oxiranes. The 
most common, representative applications are tabulated in Table 3.

As a notable application of the Rh-MOx/SiO2 (M = Mo or Re) catalysts, these 
materials are able to carry out the hydrogenolysis of esters, that is a particularly 
difficult process to achieve.105

Despite the numerous applications listed in Tables 2 and 3 the most common 
application of CO hydrogenolysis is the hydrogenative cleavage of the benzyl 
group, which is one of the most frequently used protecting groups in synthetic 
organic chemistry. Several typical hydrogenative O-debenzylation processes are 
presented in Table 4.

As Table 4 presents, the most common metal applied for the debenzylation 
of various alcohols is Pd in agreement with earlier literature; other metals such 
as Rh or Ni are rarely applied.3–6 The typical protocol involves the use of low 
pressure, mostly 1 bar, hydrogen gas at moderate temperatures that ranges from 
RT to 70–80°C, affording generally high (> 75%), often quantitative yields.

Similarly to the hydrogenative cleavage of benzylated alcohols (Table 4), 
although not as commonly used, the deprotection of Cbz or Alloc derivatized 
alcohols also plays an occasional role in synthetic chemistry.117, 121

In addition to the importance of CO hydrogenolysis in deprotection reac-
tions, there are several relevant synthetic procedures, including multistep syn-
thesis where these reactions are of practical importance. Examples include the 
hydrogenative ring opening of epoxides and other cyclic ethers. Adams et al. 
successfully applied the ring opening of a cyclohexene oxide derivative during 
the synthesis of an akkuammiline alkaloid, (+)-scholarisine. The reaction was 
carried out applying an alumina-supported Rh catalyst under mild conditions, 
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TABLE 3  Hydrogenolysis of simple ethers and alcohols.

Entry Substrate Catalyst Conditions Comments Ref.

1 Biphenyl ether RuPd5/NH2-SiO2

Pd-Pt NPsa
110°C, 10 bar H2, aq. 
medium
95°C, 1 bar H2, aq. 
medium

Multiple products, product 
distribution is dependent 
on reaction time
100% conversion

96, 97

2 Phenolic β-O-4 model
compounds

Ru/C
ReOx/C

160°C, 20 bar H2, MeOH 
medium, 3 h
200°C, 3 MPa H2, hexane, 
5 h

C2 and C3 phenols as 
products (23% yield and 
44% C2 phenol selectivity)
up to 98% yield

98, 99

3 Lignin models 
methylphenols

Ru/C
Co-MoS2 − x

80–140°C, 10–40 bar H2, 
0.5–4 h, AcOH

Alkylcyclohexanol 
products with up to 96% 
conversion and nearly 
100% selectivity

100–102

4 Isoeugenol Ni/SBAb-15 300°C, 3 MPa H2, 
dodecane

Multiple product, 
deoxygenation occurs to a 
large extent

103

5 Eugenol supported Cu, 
Ni, Pd, Pt, Rh, 
and Ru catalyst

275°C, 5 MPa H2, 
hexadecane (solvent)

Multiple hydrogenation 
and deoxygenation 
products

104
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6 Ethers (and polyols) Rh-MOx/SiO2 
(M = Mo or Re)

120°C, 8.0 MPa H2, 2–4 h Alcohols and 
deoxygenated products

105

7 Methyl benzyl alcohol Pt single crystal 
electrode

Electrochemical 
hydrogenolysis

Pt(100) surface is 
specifically active for the 
hydrogenolysis

106

8 Phenyl benzyl ether Ni/γ-Al2O3 H2 (225–400 bar), 
20–250°C

MAS NMR mechanistic 
study

107

9 Dibenzofuran Co/MoO3

Co-Ni/MoO3

360°C, 0.1 MPa H2, flow 
reactor

Up to nearly quantitative 
yield for biphenyl

108, 109

10 Variety of open and cyclic 
ethers, and secondary/
tertiary alcohols

MOF-OTf-PdCl2 20 bar H2, 1,2-dichloro-
ethane, 100–200°C, 24 h

61%–99% yield 
for deoxygenated 
hydrocarbons, aromatic 
rings remain stable

110

11 Alkyl aryl ethers Skeletal Ni Electrocatalytic process Yields up to 90%, various 
hydrocarbon and hydroxy 
products

111

a	 NPs, nanoparticles.
b	SBA, Santa Barbara amorphous silica; MOF, metal-organic framework.
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TABLE 4  Representative examples for the hydrogenolysis of benzyl ethers (R-OBn).

Entry Substrate Product Catalysts and conditions Comments Ref.

1 H2, 10% Pd/C, MeOH, RT In the preparation of DNA synthesis targeting 
antibacterial agents

112

2 H2 (1 bar), Pd(OH)2/C, 
EtOAc

During the synthesis of 7-deoxypancratistatin 
from carbohydrates

113

3 H2 (10 bar),various Rh and 
Ni NPsa, 25–60°C, 1–40 h

up to 100% conversion, up to 88% selectivity 
to CO cleavage

114

4 H2 (1 bar), Pd/C, MeOH, RT 61% Yield, during the synthesis of 
phospholipase A2 inhibitors

115
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5 A broad variety of 
benzyl ethers

Debenzylated aklyl-, 
aryl-OH

15% Pd/C and 15% 
Pd(OH)2/C, 70°C, 6–48 h

70%–95% yield, aryl and alkyl ethers 
including chiral alkyl chains (with retention)

116

6 H2 (1 bar), Pd/C, THF/
H2O, RT

during the synthesis of (−)-Hamigeran B, 
hydrogenolysis yield: 98%

71

7 Benzyl protected 
alcohols and phenols

Alcohols, phenols H2O-Al (H2 source) Ni/Al, 
or Pd/C, 25–70°C, 24 h

Nearly quantitative debenzylation (92%–
100%)

117

8 H2, Pd/C + Pd(OH)2 (1:1), 
EtOH, RT, 40 h

Yield:61%–88%, a step during the synthesis of 
chiral 1,2-epoxy-3- or 1-hydroxypropylphosp-
honates

118

9 H2 (1 bar), 5% Pd/C, 
MeOH, RT, 72 h

98% Yield, epoxide remains stable 119

10 (a) H2 (1 bar), Pd black, 
AcOH, RT, 15 h

(b) Pd/C 10%, HCO2NH4, 
MeOH, reflux, 5 h

Yield: 70%–94% 120

a	 NP, nanoparticle; Bn, benzyl; Nu, nucleophile, Ms, mesyl group.



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

174  Heterogeneous catalysis in sustainable synthesis

although providing only moderate yield (64%) (Scheme 19).122 It must be noted, 
however, that although formally the epoxide ring opens up during the reaction, 
it is the result of the hydrogenation of the nitrile to primary amino group that is 
immediately followed by the in situ epoxide ring opening generating the final 
product.

The partial CO hydrogenolysis of the 1,3-dioxane ring occurs simultane-
ously with the CC hydrogenolysis of the spirocyclopropyl unit during a step in 
the total synthesis of (±)-desoxyhypnophilin. The typical CC hydrogenolysis 
conditions (PtO2, NaOAc, AcOH) produced moderate yield (49%) for the prod-
uct (Scheme 20).76

The enantioselective synthesis of 3-hydroxy-4-phenylbutan-2-one has been 
achieved by an asymmetric epoxidation of an enone that was followed by the 
ring opening of the epoxide on a Pd/C catalyst (Scheme 21).123 The epoxide hy-
drogenolysis was carried out under mild conditions (5 bar H2 pressure at room 
temperature) and provided good yield (80%) with high (90%) enantiomeric 
excess.

SCHEME 19  Rh-catalyzed heterogeneous catalytic hydrogenolysis of a cyclohexene epoxide dur-
ing the synthesis of (+)-scholarisine.

SCHEME 20  Parallel ring opening of the cyclopropane unit and the partial hydrogenolysis of the 
dioxane ring during the total synthesis of (±)-desoxyhypnophilin.

SCHEME 21  Enantioselective synthesis of 3-hydroxy-4-phenylbutan-2-one via Pd/C-catalyzed 
ring opening of the intermediate epoxide.
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A similar Pd/C-catalyzed methodology was applied during the synthe-
sis of FK973, an intermediate to an antitumor antibiotic (+)-FR900482. The 
reaction was carried out in methanol using pyridine as an additive to modu-
late the activity of the catalysts resulting in the selective hydrogenolysis of 
the epoxide while leaving the carbonyl group and the aziridine ring intact 
(Scheme 22).124

The removal of the protecting group from a benzaldehyde derivatized 
diol via a Pd/C-catalyzed double debenzylation was carried out in good 
yield by Martín-Rodríguez et al. during the synthesis of (+)-paeonisuffrone 
(Scheme 23). The spectroscopic properties of the product of the catalytic 
hydrogenolysis were found to be in agreement with those of the natural 
enantiomer.125

The enantioselective hydrogenolysis of chiral epoxides has been achieved 
as a key step during the asymmetric synthesis of the major metabolite of a 
calcitonin gene-related peptide receptor antagonist (Scheme 24).126 As an 
additional challenge, the mechanism of epoxide hydrogenolysis was also 
studied. Drastically different hydrogenolysis rates were observed for the two 
diastereomeric epoxides. It appeared that the relative positions of the triiso-
propyl (TIPS) groups compared to the epoxide ring inhibited the hydroge-
nolysis in the case of the cis-epoxide due to its closeness to the palladium 
surface.

SCHEME 23  Pd/C-catalyzed double hydrogenative debenzylation of a protected diol during the 
synthesis of (+)-paeonisuffrone.

SCHEME 22  Hydrogenolysis of the epoxide ring during the synthesis of an antitumor antibiotics 
(+)-FR900482.
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The hydrogenolysis or deoxygenation of the CO bond in alcohols, pri-
mary and secondary alike, carboxylic acids, or furan derivatives is a common 
side reaction during the hydrogenation of these compounds, such as ethyl-
anthraquinone,127, 128 benzaldehyde,129, 130 ketones,131–133 furans,134–136 diols and 
polyols,137, 138 phenol,139, 140 anisole,10, 141–144 cresols,145–150 guaiacol,151–153 van-
illin (either one step or via benzaldehyde),154 methyl laureate155, 156 and other 
esters,157 or propionic acid.158 Although the majority of the deoxygenation pro-
tocols produce simple hydrocarbons, often the hydrogenative deoxygenation can 
be carried out selectively and thus it could be of synthetic importance. Takeda 
et  al. reported the Pd/TiO2-catalyzed hydrogenolysis of the CO bond in al-
lyl alcohols by a photocatalytic transfer hydrogenation method (Scheme 25).159 
By the application of this protocol the short synthesis of (R)-(−)-carvone was 
achieved from (S)-(+)-lavandulol. This environmentally benign method showed 
excellent tolerance toward CC multiple bonds and allowed the synthesis to be 
carried out without the application of the undesirable protection/deprotection 
protocols.

Although the hydrogenation of esters is a notoriously difficult process, it has 
been reported by Yao et al. that core-shell CuZnx@C materials synthesized via 
pyrolysis of a Zn(NO3)2-loaded metal-organic framework (MOF) was able to 
reduce butyl butyrate to butanol through the hydrogenolysis of one of the CO 
bonds (Scheme 26). The Cu/Zn ratio played a significant role in the activity 
of the catalyst: CuZn0.3 showing superior performance versus higher or lower 
ratios. In follow-up investigations, the catalyst appeared to produce similar 

SCHEME 24  Reactivity difference of cis- vs trans-epoxides in ring-opening hydrogenolysis.

SCHEME 25  Photocatalytic transfer hydrogenolysis of allylic alcohols on a Pd/TiO2 catalyst.
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yields in the hydrogenation/hydrogenolysis of methyl caprylate (74% conver-
sion, 82% selectivity) and methyl laurate (81% conversion, 77% selectivity) in 
72 h long reactions.160 In contrast, a Ni-based catalyst will reduce the esters to 
hydrocarbon via a deoxygenation.161

3.2.4.  CN bonds

The deprotection of functionalized amines, namely the hydrogenative cleav-
age of the N-bound protecting group, is the most common application of CN 
bond hydrogenolysis. Among these, the removal of the N-benzyl moiety is 
the leading application due to its practicality and easy adaptability. This syn-
thetic step can be applied as a simple deprotection of amino acids and other 
benzyl-protected amines.162 As an extension of these applications to asymmet-
ric synthesis, chiral methyl benzyl amines (Chiraselect reagents) are used as a 
chiral information source and added via Schiff-base formation. The following 
diastereoselective hydrogenation generates a new chiral center and in the final 
step, the methylbenzyl group is removed by catalytic hydrogenolysis resulting 
in the formation of chiral amines. This concept was applied in the synthesis 
of chiral 2,2,2-trifluoro-1-phenylethylamines (Scheme 27).163 As a first step, 
the K-10 montmorillonite-catalyzed microwave-assisted condensation readily 
yielded the Schiff bases.164 After an extensive examination of several catalysts, 
Pd/BaCO3 was found to provide the best performance in the diastereoselective 
hydrogenation of the CN bond. The same catalyst was able to initiate the 
hydrogenolysis of the CN bond and remove the benzyl group and produce 
the (R)- and (S)-1,1,1-trifluoromethylbenzylamines, respectively, in 90%–93% 
ee and 50%–55% yield.163 In a follow-up study, the same group extended the 
scope of the protocol to aryl-substituted derivatives, obtaining the products in 
30%–68% yield with 54%–97% ee.165

SCHEME 27  Hydrogenolysis of the benzyl group of α,α,α-trifluoromethyl benzyl-methylbenzyl-
amines on 5% Pd/BaCO3 catalyst in THF using 0.1 M HCl/Et2O.

SCHEME 26  Hydrogenation/hydrogenolysis of butyl butyrate over CuZn0.3@C catalyst.

mailto:CuZn0.3@C
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Due to the expansion of the practical applications of green synthesis, there 
are extensive efforts to make the hydrogenative deprotection processes more 
effective and environmentally friendly. Several studies attempted to develop 
new improved protocols for the removal of protecting groups from the amino 
function. For instance, Choi et al. applied ionic liquids during a Pd/C-mediated 
debenzylation process. The mild and efficient debenzylation of N-benzyl- and 
N,N-dibenzylamino derivatives using 1-n-butyl-3-methylimidazolium (bmim) 
salts as cosolvents to MeOH was developed. In addition, the recycling of the 
Pd/C catalyst was also achieved.166 In a similar process, Li et al. experimented 
with a mixture of Pd/C and Pd(OH)2/C catalysts that provided better yields than 
the two catalysts separately.116

Various multistep and total synthesis approaches involve the earlier concept: 
applying the benzyl group for the protection of a sensitive amino group and later 
the removal of the benzyl group, commonly by heterogeneous catalytic hydro-
genolysis. Several applications are summarized in Table 5.

Often the CN benzyl cleavage is applied with other than simple benzyl 
protecting group. Wang et al. developed the total syntheses of enantiopure alka-
loid natural products (2S,6R)-dihydropinidine (as hydrochloride) and (2S,6R)-
isosolenopsins (as hydrochlorides) in four steps. They used (S)-Betti base as a 
chiral auxiliary and a novel Pd/C-catalyzed N-debenzylation provided a route to 
the intermediate amine hydrochloride (Scheme 28).192 Depending on the alkyl 
chain introduced by the Grignard reaction (first step) several complexes were 
hydrogenolyzed with nearly quantitative yields (94%–98%). The same group 
extended this protocol to the total syntheses of natural quinolizidine-,193 and 
indolizidine-alkaloids.194

The hydrogenolysis of other N-protecting groups was also widely applied 
in synthetic applications. The N-carbobenzyloxy group (N-Cbz) is routinely 
hydrogenolyzed by several supported Pd catalysts. Although the reaction is a 
simple debenzylation and the cleavage occurs on the OBn bond the product 
carbamic acid decomposes, thus one formally removes the Cbz group from the 
amine therefore we include these deprotections under CN hydrogenolysis. 
Recent hydrogenative deprotection of the Cbz group is tabulated in Table 6.

In addition to earlier processes, the hydrogenolysis of aromatic heterocy-
cles also gained attention. Guo et  al. reported the hydrogenolysis of indole 
over Ni, Pt, Ru, and Ni-Ru bimetallic catalysts under hydrothermal conditions. 

SCHEME 28  Hydrogenolysis of a Betti base-tartaric acid complex on Pd/C catalyst.
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TABLE 5  Debenzylation of amines by the hydrogenolysis of the N-benzyl group.

Entry Substrate Product Catalysts and conditions Comments Ref.

1 H2, 10% Pd/C, MeOH, RT Applied for the synthesis of (±)-phalarine, 
yield 54%

167

2 H2 (1 bar), Pd(OH)2/C, 
MeOH/AcOH (40:1), RT, 
2 h, then TFA/CH2Cl2 (1:1)

Parallel kinetic resolution of both enantiomers 
for the asymmetric synthesis of 5-methyl-
cispentacin enantiomers

168

3 H2 (50 psi), 10% 
Pd(OH)2/C, MeOH, RT

During the preparation of [2H3]-sufentanil and 
metabolites, deprotection of several N-Bn-
piperidines (85%–93%)

169

4 H2, Pd/C, 10 eq. AcOH, 
MeOH, RT, 3 h

In synthesis of (−)-7S-OH lentiginosine, 
deprotection yield 87%

170

Continued
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5 H2, 10% Pd/C, MeOH,  
RT, 4 days; then NEt3  
(cat. 12 h)

Synthesis of alkaloid (S)-3-hydroxypiperidin-2-
one; debenzylation and then cyclization (85%)

171

6 H2, 10% Pd(OH)2/C, 
MeOH, RT

New type of antimalarial compounds based 
on febrifugine

172

7 NH4HCO2, Pd(OH)2/C, 
MeOH

Total synthesis of (+)-scholarisine A 122

8 H2 (1 atm), 10% Pd/C, 
ClCH2CH2Cl, MeOH, 
RT, 1 h

18 Examples, 96%–99% yield 173

9 H2 (1 atm), 10% 
Pd(OH)2/C, MeOH, RT, 
12 h

Asymmetric syntheses of imino and amino 
sugars, quantitative yield with retention of 
configuration

174

10 H2 (5 atm), Pd(OH)2/C, 
MeOH, RT, 48 h

synthesis of (−)- and 
(+)-1-deoxymannojirimycin analogs, yield: 
87%, both O and N-debenzylation

175

TABLE 5  Debenzylation of amines by the hydrogenolysis of the N-benzyl group—cont’d

Entry Substrate Product Catalysts and conditions Comments Ref.
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11 (1) H2, Pd(OH)2/C, MeOH, 
RT, 16 h;

(2) HCHO, H2, Pd/C, RT, 
10 min

Asymmetric syntheses of (+)-preussin B and its 
derivatives

176

12 H2, Pd(OH)2/C, MeOH, 
RT, 6 days

Syntheses of pyrrolizidines, indolizidines, and 
quinolizidines via two tandem ring-closure/N-
debenzylation processes, yield: 48%

177

13 Cyclohexene/toluene 
(1:2), Pd/C, 100°C, 12 h

Synthesis of (±)-cytisine, cyclohexene as 
H-transfer agent, yield: 76%

178

14 H2 (5 atm), Pd(OH)2/C, 
MeOH, HCl, RT, 48 h

Asymmetric synthesis of 4-aminopyrrolidin-
2-ones

179

15 H2, Raney-Ni, EtOH, RT, 
3 h

Synthesis of kopsinine, 95% yield with 
desulfurization

180

16 H2, Pd/C, H2O/AcOH Synthesis of a novel 5-HT1B receptor 
antagonist, yield: 88%, ee: 98%

181

Continued
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17 H2 (1 atm), Pd(OH)2/C, 
MeOH, RT, 15 h

Asymmetric synthesis of polyhydroxylated 
pyrrolidines, yield: 99%

182

18 (i)	 H2 (5 atm), Pd/C, 
MeOH;

(ii)	H2 (5 atm), Pd/C, 
AcOH

Asymmetric synthesis of α- and β-amino acids, 
yields 58%–97%

183, 
184

19 H2 (1 atm), Pd(OH)2/C, 
MeOH, RT, 24 h

Kinetic resolution for the asymmetric synthesis 
of 6-methyl-cishexacin enantiomers, yield: 
97%

185

20 H2 (1 atm), 10% 
Pd(OH)2/C, MeOH, RT, 
6 h

Stereoselective synthesis of (−)-8-epi-
swainsonine, yield: 88%

186

21 HCO2NH4, 10% Pd/C, 
MeOH, 60°C

synthesis of cis 3-hydroxy-pipecolic acids; 
debenzylated product undergoes ring closure, 
yield: 90%

187

TABLE 5  Debenzylation of amines by the hydrogenolysis of the N-benzyl group—cont’d

Entry Substrate Product Catalysts and conditions Comments Ref.
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22 H2 (1 atm), 10% Pd/C, 
MeOH, RT

During the synthesis of monoterpene-based 
chiral aminodiols, yield: 95%

188

23 H2 (1 atm), Pd(OH)2/C 
(20% wt), MeOH, RT, 
24–48 h then HCl

Debenzylation and ring closure in one step, 
yield: 94%

189

24 (a)	H2 (5 atm), Pd(OH)2/C, 
HCl/MeOH, RT, 48 h;

(b)	HCl, 90°C, 18 h; 
(c)	K2CO3 toluene, reflux, 

18 h, then CbzCl, THF, 
RT, 16 h

during the asymmetric synthesis of 
(−)-(1R,7aS)-absouline yields: 34%–53%

190

25 H2 (1 bar), Pd(OH)2/C, 
MeOH/ AcOH (25:1), 
35°C, 24 h

During the asymmetric syntheses of 
(+)-trachelanthamidine, (+)-tashiromine, and 
(+)-epilupinine isolated in 8%–14% combined 
yield

191
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TABLE 6  Hydrogenative deprotection of N-carbobenzyloxy (Cbz) group.

Entry Substrate Product Catalysts and conditions Comments Ref.

1 (i)	 ethylene glycol, TsOH/
H2O, benzene reflux, 
12 h

(ii)	H2, Pd/C, RT, 3 h

Protection of carbonyl before 
reduction, quantitative, in the total 
synthesis of (±)-aspido-spermidines

195

2 H2 (1 atm), Pd(OH)2/C, 
MeOH, RT

A new antimalarial compounds based 
on Febrifugine, 65%–80% yield

172

3 H2 (3.5 atm), 1% Pd/C, 
EtOAc, 80–100°C, MW, 
5 min

99% Yield, microwave-assisted 
hydrogenolysis

196

4 Cbz-protected amines R-NH2 20 wt% Pd/C, 10 eq. 
Et3SiH, MeOH, RT, 
10–50 min

Transfer hydrogenolysis 197

5 Cbz-protected secondary 
amines

R-NH-R H2 (1 atm), 0.05 mol% 
Pd(OAc)2/C, EtOAc, RT, 
12 h

In situ preparation of Pd/C from 
Pd(OAc)2

198
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6 H2 (1 atm), 5 mol% Pd/C, 
THF/MeOH (1:1), RT, 1 h

Selective deprotection: from N,N′-
diprotected guanidines to N-mono-
protected guanidines

199

7 H2 (55 psi), 10% Pd/C, 
RT, 12 h

Synthesis of indolizidine alkaloids; 
yield: 83–92

194

8 N-Cbz-protected peptides Cbz-free peptides H2 (1 atm-2.7 MPa), 
10 mol% Pd/C, MeOH, 
tBuOH, RT-65°C, 1–12 h

Deprotecting peptides during multistep 
synthesis

200, 
201

9 H2 (1 atm), Pd/C, MeOH, 
RT, 6 h

95% Yield 202

10 H2 (1 atm), Pd(OH)2/C, 
MeOH, RT, 18 h

During the synthesis of 
(+)-monomorine I, yield: 67%

203

11 H2 (1 bar), Pd/C, MeOH, RT During the synthesis of an antitumor 
antibiotic (+)-FR900482; 82% yield

124
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The reaction provided a broad array of products, including ethylcyclohexane, 
ethylbenzene, 2-ethylaniline, o-toluidine, toluene, and methylcyclohexane. 
Although the catalyst showed high activity, the lack of selectivity in the prod-
uct formation provides little synthetic potential; the process is rather consid-
ered to be a hydrodenitrogenation process of environmental importance.204 
Due to the ever stricter vehicle and power plant emission controls this area 
generates growing attention.205

3.2.5.  C-halogen bonds—Dehalogenation

The hydrogenative removal of halogens from organic compounds is of high 
importance from both synthetic and environmental point of view. In synthesis, 
halogens often serve in a placeholder role and drive the regio/stereochemistry of 
a synthetic process, and are only removed at the end of a process, similar to the 
protection/deprotection concept. In environmental applications hydrogenolysis 
is used to remove the halogen.206 Several halogen-containing compounds be-
long to the group of volatile organic compound (VOCs) contaminants and via 
the water circle they commonly accumulate in groundwater.207 In addition, these 
compounds often possess enhanced toxicity and slow biodegradability, thus ex-
tending their half-life in the environment.208, 209 Therefore the dehalogenation 
of organic compounds is of high interest. Iodine is the most easily cleavable 
halogen, the reactivity of the CBr and CCl bonds is lower and quite similar 
to each other, and the CF bond is the most stable; hence F is the most difficult 
to remove halogen. The most active hydrogenation catalysts serve well for the 
hydrogenolysis of the C-halogen bonds as well; thus the commonly applied 
catalysts are Pd, Pt, Ni, in multiple forms such as supported or skeletal metal 
catalysts (see Chapter 2). Due to their particular importance from environmental 
point of view, the dehydrohalogenation processes are frequently reviewed.210, 211

The first large group of compounds that are prime targets for dehydrohalo-
genation is the aryl-halides, whether with a functional group (e.g., halogenated 
phenols) or without it. The hydrogenolysis could aim the simple replacement 
of the halogen with hydrogen or deuterium for synthetic purposes or simply 
to carry out environmental remediation. In general, the dehydrohalogenation 
of simple aromatic and aliphatic halogenated hydrocarbons is carried out for 
environmental purposes with the main goal of remediation; more complex com-
pounds are also subjected to these investigations for synthetic purposes. The 
hydrogenolysis of the most common aromatic contaminants is summarized in 
Table 7.

As mentioned before, one of the major driving forces of studying hydrode-
halogenation reactions is the environmentally harmful nature of organohalogen 
compounds, particularly those that are light and can rise to the stratosphere. It 
is due to their ability to form radicals there that decompose Earth’s protective 
ozone layer. Therefore much attention was devoted to the hydrodehalogenation 
of alkylhalogenides, focusing mainly on methane derivatives (Table 8).235
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TABLE 7  Hydrogenolysis of simple arylhalides.

Entry Substrate Catalyst Conditions Comments Ref.

1 Chlorobenzene Ni-NPa/TiO2,
MgO/Ni-SBA-16

Neat or EtOH, 1–15 bar H2, 
100–300°C

Recyclable catalyst, up to 85% removal 
of chlorine

212, 213

2 Poly-chlorinated 
aromatics

Raney Ni, Pd 
catalysts

H-source-iPr-OH, 150–200°C KOH additive, aqueous medium, 
surfactants

214, 215

3 Chlorophenols Raney Ni
Ni-Al alloy

1 bar H2, 30–40°C, H2O as H2 
source, basic solution

Aqueous medium, nearly quantitative 
yield

216–218

4 Aryl halides Pd3PM2
Pd(OAc)2

H2, HCOOK, iPrOH, DMSO, 
80°C

Even CF bond reacts, selective 
hydrodeiodination in the presence of 
other halogens

219, 220

5 Arylbenzal-
dehydes

Pd/C H-source:Al-H2O F-derivative is stable 221

6 Chlorinated 
N-heterocycles

SiO2 sol-gel 
entrapped Pd-
[Rh(cod)Cl]2

27.6 bar H2, 80–140°C Ring hydrogenation also occurs 222

7 Chlorinated 
biphenyls

Ni-Al alloy H2O as H2 source, basic solution Biphenyls and cyclohexyl-benzenes form, 
selectivity depends on base

223, 224

Continued
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TABLE 7  Hydrogenolysis of simple arylhalides—cont’d

Entry Substrate Catalyst Conditions Comments Ref.

8 Polychlorinated 
arenes

Ni-Al alloy H2O as H2 source, basic solution Complete dechlorination, no 
overhydrogenation (95%–100% yield)

225

9 Chloro- and 
bromophenols

Ni-Al alloy H2O as H2 source, Ba(OH)2 
solution

Dehalogenated cyclohexanols are the 
major products (30%–91%)

226

10 2,4,6-Tri-Br-
phenol

Ni-Al alloy H2O as H2 source, NaOH 
solution

Quantitative debromination, no 
overhydrogenation

227

11 Halogenated 
polyphenols

Ni-Al alloy H2O as H2 source, KOH solution Overhydrogenated cyclohexane products 
(52%–94% yield)

228

12 2,4-Di-Cl-
phenol, 2- and 
4-Cl-phenol

Pd NP Flow system, film reactor, water Over 90% reduction of the chlorinated 
substrates to phenol

229

a	 NP, nanoparticles.



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

TABLE 8  Examples for the environmental dehydrohalogenation of alkyl halides.

Entry Substrate Catalyst Conditions Comments Ref.

1 Trichloro-ethylene Pd/SOMS H2/N2 stream, 100–200°C Water addition improved conversion 230

2 CCl2F2 Pd/Al2O3, Pd/Nb2O5-Al2O3 Excess H2, flow system, 
250°C

Both dechlorination and 
defluorination

231

3 CHClF2 Ni/SiO2-Al2O3, Pd/γ-Al2O3, 
Pd/C

Flow system, H2 (up to 
100 bar), up to 400°C

Supercritical phase assistance, 
complete dehalogenation to 
methane

232

4 Chloro-methanes Pt-Pd/sulfated zirconia Flow system, N2 stream, 
H2/reactant added, 
150–200°C

Conversions up to 90%, with up to 
90% CH4 selectivity

233

5 F-, Cl-, Br- and 
I-pentanes

Nb, Mo, Ta, and W halide 
clusters with Re chloride 
cluster

Flow system, H-stream, 
300°C

Major products are pentenes, even 
CF bond undergoes hydrogenolysis 
on Re

234

6 Halogenated 
aliphatic compounds

Ni-Al alloy H2O as H2 source, KOH 
solution

All halogens removed, hydrocarbon 
products

206, 225

SOMS, swellable organically modified silica.
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As shown, most applications use the traditional hydrogenation/hydroge-
nolysis catalysts (Pt, Pd, Ni, etc.). Due to the relatively high stability of the 
C-halogen bonds, the applications are only successful at relatively high tem-
peratures (100°C and mostly above). In addition, since the processes are mostly 
designed for industrial-scale hydrodehalogenation, the reactor of choice is com-
monly the flow system that allows for continuous operation.

In addition to environmental applications, the hydrogenative replacement of 
halogens has also been frequently applied in organic synthesis. Representative 
examples are tabulated in Table 9.

As presented in Table 9, in addition to the typical metal-catalyzed hydroge-
nation with gaseous hydrogen, the dehalogenation of organic compounds can 
also be carried out by Ni-Al alloy, or in general, using Al as a hydrogen source 
in aqueous medium.246 Although this system is effective in removing halogens 
the synthetic importance of early applications is limited due to selectivity issues 
that is likely caused by the use of strong base that made the system essentially 
uncontrollable. More recent applications (e.g., Table 9, entry 8) do not use base 
and apply Pd/C as catalyst and result in high yields and selectivities. Despite the 
synthetic benefits, the majority of applications consider dehydrohalogenation 
from an environmental chemistry perspective.247

3.2.6.  NN and NO bonds

The hydrogenolysis of NN bonds includes the hydrogenative cleavage of 
NN single bonds (common heterocycles), NN double bonds (e.g., azo com-
pounds), and NN triple bonds (e.g., diazonium salts) and azides.

The ring-opening hydrogenolysis of the NN single bond of pyrazolidi-
nones was achieved by applying Ni-Al alloy in methanolic 1 M potassium hy-
droxide under mild conditions. The protocol resulted in moderate to good yields 
(Scheme 29).248

The same alloy was applied for the hydrogenolysis of NN bonds in nitroso-
amines. The reaction, which was part of the synthesis of deuterated azamacro-
cycles (Scheme 30), yielded the corresponding secondary amines.249 The Ni-Al 
alloy was applied in a basic solution and readily removed the nitroso groups, 
under mild conditions, in a process that is greener than the currently known 
alternatives. The hydrogenolysis was carried out in D2O, in order to avoid the 

SCHEME 29  Ring-opening hydrogenolysis of the NN bond of pyrazolidines.
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TABLE 9  Hydrodehalogenation of various halogenated aromatics with a variety of substituents.

Entry Substrate Catalyst Conditions Comments Ref.

1 Halogenated 
azo-compounds, 
benzophenones, 
acetophenones, 
benzaldehydes, etc.

Pd/MCM41 NH4HCO2, 70°C Dehalogenated and 
hydrogenated products, 
recyclable catalyst

236

2 Tetrahalohydro-chinones, 
resorcinol and catechols

Ni-Al alloy H2O as H2 source, NaOH 
solution, with different 
concentration

Quantitative dehalogenation, 
however, overhydrogenation 
could result in mixtures

237, 238

3 Tetra-Br- and tetra-Cl-
bisphenols

Ni-Al alloy H2O as H2 source, NaOH or 
Na2CO3 solution, with different 
concentration

Selective, complete 
dehalogenation, 82%–100% 
yield

239, 240

4 Poly-Br-diphenyl ethers Ni-Al alloy H2O as H2 source, NaOH or 
Na2CO3 solution, with different 
concentration

Selective, complete 
dehalogenation, 90%–100% 
yield

239

Continued
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5 Halogenated anilines Ni-Al alloy H2O as H2 source, NaOH 
solution, with different 
concentration

All halogens (even F) can be 
removed, no overhydrogenation

241, 242

6 m-CF3-aniline Ni-Al alloy H2O as H2 source, KOH solution, 
with different concentration, RT

All fluorine removed, no 
overhydrogenation

206

7 Halogenated (Cl, 
Br) benzoic acids, 
acetamides, benzamides

Several supported 
Pd catalysts

Flow system, in situ generated D2 
gas (100 bar), 100°C, propylene 
carbonate as solvent

Br, Cl applicable I, F do not react 
properly, yields: 94%–96%, D 
content: 95%–98%

243

8 Halogenated aromatics: 
anilines, phenols, 
thiophenols, indoles, 
pyridines, etc.

Pd/C Al and D2O as D2 source, 
25–50°C, 12–48 h

Yields: 80%–100%, broad scope 244

9 Halophenols Pd/CeO2 SACs H2/N2 mixture (1:1) at 1 bar, RT Nearly 90% elimination of the 
halogen over a 140 min period

245

NP, nanoparticles; SACs, single atom catalysts.

TABLE 9  Hydrodehalogenation of various halogenated aromatics with a variety of substituents—cont’d

Entry Substrate Catalyst Conditions Comments Ref.



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

Heterogeneous catalytic hydrogenolysis  Chapter | 3.2  193

DH exchange on the CD bonds that could be initiated by the in situ formed 
Raney Ni catalyst. After the reaction, the ND groups were exchanged to NH 
by treatment with HBr/AcOH in H2O.

The hydrogenolysis of azo compounds is the most common example of the 
hydrogenative cleavage of NN double bond.250 During a study on waste de-
toxification, the hydrogenolysis of aromatic azo and azoxy compounds with 
Ni-Al alloy was observed in basic solution (Scheme 31).251 The reaction was 
carried out at room temperature and the corresponding aniline derivatives were 
obtained in moderate to good yields.

The hydrogenative cleavage of the NN bond of azo-compounds to the 
corresponding anilines was achieved by the application of triethyl ammonium 
formate catalyzed by zinc powder (Scheme 32).252 The reaction appeared to be 
effective even at room temperature providing high yields in short times. The 
reductive system tolerated several hydrogenolysis sensitive groups such as me-
thoxy, hydroxy, carboxylic acid, ether linkage, etc., and no dehalogenation was 
detected either. According to the proposed mechanism, the Zn acts as a catalyst 
and not a consumable reagent. This work is essentially a somewhat upgraded 
version of an earlier study by the same group.253

SCHEME 30  Hydrogenolysis of the nitroso group in a deuterated aza-macrocycle.

SCHEME 31  Hydrogenolysis of the NN double bond in azo and azoxy compounds by Ni-Al 
alloy in water.

SCHEME 32  Cleavage of the NN bond of azo compounds by a Zn-catalyzed transfer hydrogenolysis.
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A similar hydrogenolysis of azo-compounds was carried out by Selvan et al. 
using an MCM-41-supported Pd catalyst (Scheme 33).236 The newly described 
catalyst has also been used for the hydrogenation of a variety of functional 
groups. In addition to the good performance, the catalytic activity was found to 
be unaffected after three consecutive reactions and thus the catalyst appears to 
be recyclable.

The reduction and subsequent cleavage of the NN bond in azides was an 
integral part of a total synthetic procedure developed for the synthesis of age-
ladine A (Scheme 34).254 The reaction took place under mild conditions, pro-
ducing nearly quantitative yields (96%). The conditions were selective for the 
reduction and cleavage of the azido group; neither the protecting group, nor the 
chlorine present in the compound was affected.

As a part of the enantiospecific total synthesis of (+)-tanikolide, the hy-
drogenolysis of 2-((dibenzylamino)oxy)-2-undecylhex-3-ene-1,6-diol was car-
ried out successfully, providing a rare example of NO bond hydrogenolysis 
(Scheme 35).255

SCHEME 33  Hydrogenolysis of azo, halogenated azo-compounds, and diarylhydrazines by  
Pd/MCM-41 catalysts using ammonium formate as hydrogen transfer agent.

SCHEME 34  Hydrogenolysis of the azido group to amino on Pd/C under hydrogen atmosphere.

SCHEME 35  Deprotection of a dibenzylamino protected alcohol via Pd/C-catalyzed hydrogenoly-
sis of the NO bond.
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The chemoselective hydrogenation of azides yields primary amines via the 
hydrogenolysis of the azido group. This transformation has been carried out us-
ing a commercially available Rh/Al2O3 catalyst in combination with mild condi-
tions resulting in high selectivities. For example, the conditions tolerated benzyl 
or Cbz groups (Scheme 36). This strategy has been verified using a broad range 
of carbohydrate derivatives carrying a variety of protecting groups.256

The hydrogenolysis of the azido group in diazido pyrazolonones and the 
subsequent reaction readily provided rubazonic acid. Among the several re-
ducing agents/processes assessed for this protocol the heterogeneous catalytic 
hydrogenolysis on Pd/C catalyst provided the highest yield (Scheme 37). The 
reaction also appeared to work with several substituted derivatives, including 
methyl to phenyl for R1 or phenyl, p-tolyl to tertbutyl for R2.257

3.2.7.  CS bonds

The hydrogenolysis of the CS bond, commonly referred to as hydrodesul-
furization, is one of the most important processes in the petrochemical indus-
try. As the sulfur-containing compounds in any fuel will turn to sulfur oxides 
in engines essentially contributing to acid rain (and of course engine corro-
sion), limiting the sulfur content in fuel was made an environmental prior-
ity.258–261 Due to its importance, the topic has been frequently reviewed.262–266 
In order to produce better, more effective, and selective catalysts, significant 
efforts have been devoted to the development of new catalysts on both the 
experimental267–270 and theoretical level.271, 272 A list of representative exam-
ples is tabulated in Table 10.

SCHEME 36  Synthesis of benzyl-protected carbohydrate amines by the hydrogenolysis of 
azido-sugars.

SCHEME 37  Synthesis of rubazonic acid by the hydrogenolysis of the azido group in diazido 
pyrazolonones.
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TABLE 10  Representative examples for the hydrodesulfurization of organosulfur compounds.

Entry Substrate Catalyst Conditions Comments Ref.

1 4,6-Dimethyl-dibenzothio-
phene (4,6-DMDBT)

Ga-doped Ni2P
Ni-W/Al2O3

Ni-Mo/γ-Al2O3

3.0 MPa H2, 613–523 K, 
1–6 h

Major product: 3,3-dimet-
hylbiphenyl (3,3-DMBP),
the pore structure of the alumina had 
a significant effect

273–275

2 Dibenzothio-phene (DBT) Mo2C/carbon acidic 
zeolite cluster, TiO2

AlMoGNi

4.1–5.3 MPa, 300–350°C, 
flow system

Yield: 65%–98% biphenyl, catalyst 
deactivation due to MoS2 formation; 
DFT calculations, flow system

276–279

3 Benzothiophene zeolites H2 (2–20 bar), 340–400°C, 
flow system

S-Zorb process 280

4 Thiophene MoS/γ-Al2O
3, Pt/TiO2 H2 (1 bar), 200–600°C, 

flow system
Product:1–3-butadiene, mechanistic 
study

281

5 2-Phenylcyclohexanethiol Ni2P, MoP, WP 4.0 MPa H2, 240°C, flow 
system

Conversion up to 50%, various 
desulfurized hydrocarbon products

282

AlMoGNi, Ni doped graphene decorated on molybdenum-alumina.
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In addition to the environmental aspects, sulfur removal from organic com-
pounds is also of synthetic importance. However, the presence and properties of 
sulfur atoms represent a significant problem when the traditional hydrogenation 
catalysts are involved. Pd, Pt, or Rh catalysts commonly undergo deactivation 
due to sulfur poisoning.283 Accordingly, the examples in Table 10 mostly apply 
metals that, with the exception of Ni, are not considered to be traditional hy-
drogenation/hydrogenolysis catalysts. In synthetic applications, the most com-
monly applied catalyst for CS bond hydrogenolysis is Raney Ni that has a 
broadly established resistance to sulfur. For instance, Raney Ni was selected as 
the catalysts for the hydrogenolysis of a methylthioxy group during the synthe-
sis of (±)-phalarine (Scheme 38).167

A similar Raney Ni-catalyzed CS bond hydrogenolysis was applied dur-
ing the kinetic resolution of methyl (R,S)-5-tris(phenylthio)methylcyclopent-
1-ene-carboxylate to achieve the asymmetric synthesis of (1R,2S,5S)-and 
(1S,2R,5R)-5-methyl-cispentacin (Scheme 39).168 Interestingly, the Raney Ni 
hydrogenolysis did not remove the benzyl groups from the tertiary N of the 
compound.

The hydrogenative desulfurization of organic compounds is commonly 
carried out by Ni-based catalysts: Raney Ni or supported Ni catalysts. 
The hydrogenolysis of the CS bond and its transformation to a CH2 is 
a well-known alternative for the Clemmensen or Kishner-Wolff reactions 
for sulfur compounds. The reaction occurs without problems under mild 
conditions and yields the desulfurized product in nearly quantitative yields 
(Scheme 40).180

SCHEME 38  Hydrogenolysis of the methylthioxy group as a step in the total synthesis of 
(±)-phalarine.

SCHEME 39  Raney Ni-catalyzed hydrogenative desulfurization of a cispentacin precursor.
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Perfluoroarene tags play an important role in several processes, for example 
in protein chemistry. As a form of labeling, the safe and effective removal of 
the tags is also of primary importance. The microwave-assisted removal of per-
fluoroarene tags from cysteine-perfluoroaryl thioethers has been successfully 
achieved by the application of metal-catalyzed transfer hydrogenolysis. Several 
metal catalysts, such as Ni2B, Pd/C, or Ranely Ni, were tested in the reaction, 
Raney-Ni exhibiting the best performance.284 Phenylsilane was used as hydro-
gen donor, and the reaction provided moderate to good yields depending on 
the conditions used. The microwave-accelerated reaction resulted in the highest 
yield (Scheme 41).

3.2.8.  Hydrogenolysis of C-other elements (Si, metals) 
bonds

There is relatively limited information on the hydrogenolysis of organometallic 
compounds, due to the inherent sensitivity of the carbon-metal bonds. Among 
the few examples, the controlled hydrogenolysis of CSn organometallic com-
pounds on Rh/SiO2 was described by Taoufik et al.285 The hydrogenolysis of 
the SnC bonds was observed without any CC bond cleavage, which led to the 
formation of grafted organometallic fragments.

Although the dehydrogenation of alkylsilanes to form oligo- and poly-
silanes is a frequently studied process, the available reports on the reverse 
process, namely the hydrogenolysis of SiSi bond are scarce. The highly 
selective hydrogenolysis of oligo- and polysilanes to silanes with molecu-
lar hydrogen and low-valent Ni-hydrides occurred under mild conditions 
and appears to be a green alternative to the earlier low selectivity and harsh 
processes.286

SCHEME 40  Hydrogenolysis (and debenzylation of the N-Bn) of the thiocarbonyl group by 
Raney Ni under mild conditions.

SCHEME 41  Raney Ni-catalyzed hydrogenolysis of cysteine-perfluoroaryl thioethers.



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

Heterogeneous catalytic hydrogenolysis  Chapter | 3.2  199

3.2.9.  Hydrogenolysis of biomass-related compounds

As a rapidly emerging topic, the preparation of fine chemicals or general start-
ing materials from biomass attracted significant attention. Considering the 
finite nature of the petroleum reserves these investigations may prove to be 
the future basis of the chemical industry.287 Although many different types of 
catalysts are involved, heterogeneous catalytic hydrogenolysis-based protocols 
play an important role in this field. The major directions include the conver-
sion of biomass to furan derivatives,288 and glycerol to other compounds, such 
as propanols, or propanediols and lignin depolymerization mainly to aromatic 
chemicals.289

3.2.9.1  Hydrogenolysis of biomass-derived oxygen-containing 
heterocycles

Biomass is a rich source of oxygen-containing heterocyclic compounds, such 
as furans.290 The hydrogenolysis of these compounds is carried out with the 
ultimate goal to generate fine chemicals and building blocks from these sustain-
able resources.291

The ring-opening hydrogenolysis of biomass-derived heterocyclic com-
pounds, mostly furan derivatives, to diols has been studied by Jenness et  al. 
using Ir catalyst.292 The results provided significant mechanistic insights that 
could help the further catalyst development for the effective transformations 
of biomass-derived oxygenates to value-added products. The experimental data 
have been supplemented by density functional theory calculations. There are 
several other similar applications that focus on the same principal class of com-
pounds that originate from biomass. Representative examples are tabulated in 
Table 11.

As the data indicate, this is a relatively new area, thus the search for the best 
class of catalysts (metals, etc.) is still ongoing. Unlike in several other instances 
where one of the metals dominate (e.g., PtO2 for CC, or Raney Ni for CS 
bond hydrogenolysis), Table 11 includes nearly all metals that have been listed 
for other hydrogenolysis applications, from the noble metals, to nickel or cop-
per with a broad variety of supports. Often the support appears to contribute to 
the cleavage reactions via their acidic properties (e.g., zeolites, silica, and other 
metal oxides).

3.2.9.2  Hydrogenolysis of biomass-derived other  
oxygen-containing compounds

Several biomass sourced compounds are manufactured in extremely large 
amounts as a by-product of multimillion ton processes. Glycerol is one of 
the prime examples. This compound forms as a by-product during biodiesel 
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TABLE 11  Hydrogenolysis of biomass-derived oxygen-containing heterocycles.

Entry Substrate Catalyst Products Conditions/comments Ref.

1 Pd/C + 0.3 M HI Adipic acid Acidic solution, 50–500 psi, 115°C 293

2 Rh/OMS-2, Cu/CuFe2O4@
MOF, ZSM5-encapsulated 
Pt NPs

1,2-Pentanediol, a variety 
of deoxygenated and ring-
opening products

100% Conversion, 87% selectivity 
at 160°C, 30 atm H2, 8 h, effect of 
temperature, hydrogen pressure, 
MOF, etc.

294–296

3 Ru, Pt, Pd, Ni, Co, Cu-based 
catalysts, Ir/SiO2, Ru-hydro-
talcite or ZrO2, NiCu, Ni/
ZSM5

1–50 bar H2, MeOH, formic acid as 
hydrogen source, nearly quantitative 
yields

297–313

4 Cu-Mg3AlO4.5

Pt/CeO2

Cu‐LaCoO3, Cu-Mg-Al

1,2- and 1,5-pentane-
diols

Bifunctional catalysis, 60%–100% 
yield, 55% combined selectivity, RT, 
6 MPa H2, 8 h, 100–180°C

314–317

5 Cu/ZrO2 1,4-Pentanediol, or 
2-methyltetrahydro-furan

Yield/selectivity up to 97%/99%, 
200°C, 6 MPa H2, 6 h

318

6 Rh-MoO3/SiO2

ReOx-promoted Rh/C
1,5-Pentanediol
α,ω-diols

Conversion/selectivity up to 
51%/98%, 120°C, 34–60 bar H2

319, 320

5 Cu-electrode Methylfuran Electrocatalytic conversion, − 0.55 to 
− 0.75 V, water

321

MOF, metal-organic framework; NP, nanoparticle; OMS, octahedral molecular sieve.
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production. Several examples show that in fact, glycerol can be transformed 
to several other products, including propanol or propanediol. Several other 
aliphatic compounds such as cellulose, sorbitol, or lignin derivatives have also 
been considered as an abundant and sustainable resource for the preparation 
of chemicals through hydrogenolysis approaches. The data are tabulated in 
Table 12.

The information presented in Table  12 is somewhat similar to that in 
Table 11. A wide variety of catalysts were applied due to the relatively unex-
plored nature of these reactions. The other reason is the need for the presence 
of an acid catalyst. Many catalysts listed in Table 12, are bifunctional, con-
taining a metal part that facilitates hydrogenolysis, and the acid part that could 
initiate dehydration, cracking, and other typically acid-catalyzed reactions.359 
Although in some cases the product is a hydrocarbon (or mixture of hydrocar-
bons), often the deoxygenation of the starting natural products is only partial, 
e.g., glycerol, a triol, can produce diols, or simple alcohols, depending on the 
conditions applied.

The deoxygenation of other small organic compounds was already dis-
cussed under the hydrogenolysis of the CO bond. The catalytic deoxy-
genation of biomass-related compound is also a desirable process, for the 
synthesis of biofuels.360 For example during the production of pyrolysis- or 
bio-oils, the second generation of sustainable liquid fuels obtained from 
biomass, mostly lignins,361–365 and for the production of biodiesel from 
waste fat.366

3.2.10.  Conclusions and outlook

Advances made in the 1996–2021 period in the field of heterogeneous cata-
lytic hydrogenolysis have been reviewed. Hydrogenolysis is one of the most 
important and commonly applied procedures in heterogeneous catalysis and ap-
pears to continue attracting significant attention and remains a major method 
in industrial processes as well as in organic synthesis. The main focus of the 
progress is the development of new catalysts that could improve activity and 
selectivity of the reactions, and the application of well-established protocols 
on new substrates. The earlier chapter provides an up-to-date overview of this 
field, including the hydrogenolysis of the CC, CO, CN, C-halogen, and sev-
eral other bonds. Due to the available large number of publications, in many 
cases we have refrained from providing an exhaustive list of papers and rather 
focused on to mention representative examples for these transformations. Based 
on the extensive number of reports published in the past two decades, signifi-
cant advancements were made since 1996; particularly the pace of the new de-
velopments increased unambiguously. All signs point toward the forecast that 
hydrogenolysis will remain an important tool in green and sustainable synthesis 
and environmental chemistry.
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TABLE 12  Hydrogenolysis of biomass-derived oxygen-containing aliphatic compounds.

Entry Substrate Catalyst Products Conditions/comments Ref.

1 Lactate SiO2 supported Fe, Co, Ni, 
Ru, Pd

1,2-Propanediol Vapor phase hydrogenolysis, 90% 
conversion, 98% selectivity at 160°C, 
2.5 MPa H2

322

2 Glycerol Cu/ZrO2, Cu/ZnO
Cu/CeO2, Cu/MgO
Pt on zeolites, Al2O3

Pd/CuCr2O4, Cu/MgO, Cu-Mg/
SiO2, Cu-SBA15/SiO2

Ni/Al-Fe

1,2-Propanediol Aq. phase, 84%–95% selectivity at 
175–240°C, 25–60 bar H2; with Ni/Al-Fe 
no external hydrogen is needed

323–330

3 Glycerol Pt/WOx/Al2O3

Pt on various supports, Pt/H-
WO3

1,3-Propanediol Bifunctional catalysis, up to 100% 
conversion, 35%–38.5% yield, 200°C, 
90 bar H2, 4 h and flow system as well

331–334

4 Glycerol Pt-H4SiW12O40/ZrO2 1- and 2-propanol 94% Yield, 200°C, 5.0 MPa 335

5 Glycerol Amorphous Zr-phosphate 
doped supported Ru

1-Propanol Conversion/selectivity up to 100%/96%, 
315°C, 2 MPa H2, flow system

336

6 Glycerol Cu, Pd, Rh on ZnO, C, Al2O3 1,2-, and 1,3-propanedi-
ol

H2O, sulfolane, dioxane as solvents, up 
to 100% selectivity, 180°C, 80 bar H2, 
168 h

337

7 Xylitol Cu/SiO2

NiCu/SiO2

Ru/C
CuNi/ZrO2

Ethylene glycol, propyl-
ene glycol

With or without base cocatalysis, 
0–10 MPa H2, 160–240°C, 100% 
conversion, up to 60% combined 
selectivity

338–343



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

8 Vicinal diols PdFe bimetallic nanoparticles C-C cleavage products 
(MeOH, etc.)

95% Conversion, 250, 50 bar H2, 24 h 344

9 Sorbitol Ni-MgO, PtPd/C Glycols, glycerol, 
hydroxyacids

68% Conversion, 81% combined 
selectivity, 200°C, 4 MPa H2, 4.5 h

345, 346

10 Biomass 
based polyols

Ru/C C2-C6 polyols Neutral and acidic conditions, 100–
150°C, 6 MPa H2, 16 h

347

11 Cellulose Fe3O4@SiO2/Ru-WOx 1,2-Propyleneglycol Water, 200°C, 5 MPa H2, 2 h 348

12 1,4-Anhydro-
erythritol

Pt-WOx/SiO2 1,3-Butanediol, 
1,2,3-butanetriol

Water, 140°C, 8 MPa H2, 24 h 349

13 Lignin and 
lignin-derived 
aryl ethers

Pd/C and CrCl3
Ni/N-C
Ni-Cu/C
Ru/C

Hydrocarbons, alkyl 
phenols,

Hydrodeoxygenation, MeOH, RT-
280°C, 4 MPa H2, 5 h, yield up to 20%, 
conversion up to 100%; in EtOH/iPrOH 
no external H2 is needed

350–354

14 Bio-polyols 
and sugars

Cu/TiO2 MeOH, syngas (CO + H2) Photoreforming, 365 nm LED light 
source, yields up to 50%

355

15 Cellobiose Ru/N-doped C Sorbitol Water, 120–160°C, 30 bar H2, 2 h 356

16 Guaiacol and 
biocrude oil

Ru/BEA, Ru/ZSM-5, Ru/Al2O3 Cyclohexane, 
2-methoxycyclohexanol

Neat, 230–250°C, 4 MPa H2, 2 h 357

17 Cellulose Ni/SiO2 1,6-Hexanediol Prehydrolyzed aq. mixture of cellulose, 
80°C, 68 atm H2, flow system

358
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Chapter 3.3

Heterogeneous catalytic 
oxidations

3.3.1  Introduction

The oxidation of organic molecules is undoubtedly one of the most important 
reactions in the area of synthetic chemistry. The term “oxidation” was coined 
by de Lavoisier in the 18th century for the formation of new compounds by the 
reaction with molecular oxygen. Both the definition of oxidation (now based on 
the movement of electrons) and the applied oxidizing agents have evolved since 
these early beginnings keeping pace with the need for new synthetic methods. 
There is probably no total synthesis of a chemically or biologically interesting 
organic molecule that does not contain at least one oxidation reaction. Oxidation 
allows for the introduction of (new) functional groups in a molecule, that is, by 
generating double bonds or converting CH bonds into CX bonds (CH func-
tionalization) thus creating new reactivity points needed for the architecture of 
complex molecules. Oxidation also allows for the interconversion of functional 
groups with different reactivities (i.e., alcohols and aldehydes) therefore giving 
the possibility to first mask the reactivity of a functional group to expose it at 
a later point. The importance of oxidation in total synthesis and the concept of 
late stage-oxidation have been reviewed previously.1–3 In order for oxidation 
reactions to be useful in the concept of chemical synthesis the methods applied 
do not only need to be able to achieve the desired transformation, but they also 
need to accomplish this selectively without any undesirable transformation on 
other parts of the molecule.

Given the importance and the long history of oxidation reactions in organic 
chemistry it is no surprise that there are plenty of methodologies available in the 
literature for a broad variety of transformations and research is still being very 
active in the field.

While the selectivity of oxidation reactions has been in the forefront of re-
search in the synthesis field for over a century, the increasing societal and political 
pressure to use more environmentally friendly methods has led to an increased 
interest in the development of reactions following the principles of green chemis-
try.4, 5 In this chapter, the application of heterogeneous catalytic systems in oxida-
tion reactions will be reviewed, with a focus on environmentally benign systems. 
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The presented selection of examples aims to represent a broad area of various 
transformations, focusing on examples from the recent (2000–21) literature.

3.3.2  Epoxidation reactions

Epoxides are of great importance in the chemical industry as they are versatile 
key intermediates for the production of fine chemicals including pharmaceuti-
cals, cosmetics, plasticizer, etc.6, 7 The traditional ways to synthesize epoxides 
include the use of stoichiometric oxidizing agents such as organic peracids8 
or potassium monoperoxysulfate.9 Although effective, these methods do not 
comply with the principles of green chemistry particularly due to the exten-
sive amount of waste generated by the spent reagent. Therefore, the explora-
tion of heterogeneous catalytic systems using environmentally benign terminal 
oxidants is of high interest.10 A review on the use of heterogeneous catalytic 
systems for asymmetric epoxidation and dihydroxylation reactions has been 
published by Salvadori et al.11 The examples given in this chapter will focus on 
methods complying with the principles of green chemistry.

Kazemnejadi et  al. developed a cobalt catalyst that was immobilized on 
magnetite-graphene oxide via complexation by a polyamino acid (GO/Fe3O4@
PAA Co(II)).12 A variety of terminal and internal alkenes were transformed with 
high conversions and selectivities for the corresponding epoxide (Scheme 1). 
A low catalyst loading of 0.2% and the use of molecular oxygen are the main 
green features of the reaction. The authors showed that the recycling of the 
catalyst is possible in six consecutive runs with only a minor decrease in ac-
tivity. The reaction could be scaled up to a 700 mmol scale using styrene as a 
substrate with no loss in selectivity and only a small decrease in conversion. The 
disadvantage of the presented method is the need for acetonitrile as the solvent 
for the reaction.

The group of Moghadam used multiwalled carbon nanotubes modified with 
4-aminopyridine to anchor a tungsten catalyst and used the heterogenized sys-
tem (W(CO)5@APy-MWCNT) for the epoxidation of alkenes.13 The reaction 
performs well for different alkenes, typically delivering the epoxide in high 
yields and selectivities (Scheme 2). The stereochemistry of the alkene is con-
served in the epoxide. The environmentally benign hydrogen peroxide is used 

SCHEME 1  Epoxidation of alkenes using a magnetite-graphene oxide supported Co catalyst and 
O2 as the oxidant.
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as an oxidant for the transformation and the catalyst can be reused eight times 
without decrease in product yield. Additionally, the authors showed that metal 
leaching is not a significant problem when reusing the catalyst. Drawback is 
that acetonitrile was the only solvent tested that gave the epoxidation product 
in high yields.

Using tert-butyl hydroperoxide (TBHP) as the final oxidant, Mohammed 
et al. developed a polymer-bound heterogenous Mo(VI) catalyst (Ps.AMP.Mo) 
for the epoxidation of alkenes (Scheme 3).14 Although only a limited number 
of substrates were examined, the authors revealed that the prediction of opti-
mal reaction parameters was possible using an artificial neuronal network, thus 
opening the possibility to perform reaction optimization in silico instead of do-
ing time consuming and expensive experimental studies in the laboratory. The 
products were obtained in excellent yields under optimized conditions. When 
investigating the reusability of the catalyst it was found that although possible, 
a relatively high drop in yield was observed even after the second run.

A similar system was developed by Cao and co-workers.15 Using poly(4-
vinylpyridine) microspheres as the support material for molybdenum (P4VP 
Mo) the authors could show that the oxidation of alkenes to the epoxide is 
possible with hydrogen peroxide as an oxidant in high yields (Scheme 4). 
Ethanol could be used as environmentally friendly solvent for the reaction and 
the catalyst was reused five times without showing a loss in activity or selec-
tivity. A recent work focusing on the vapor phase epoxidation of cyclohexene 
as a test reaction applied an iron containing metal-organic framework-based 
catalyst.16

SCHEME 2  Epoxidation of alkenes using a heterogeneous tungsten catalyst and H2O2.

SCHEME 3  Polymer-bound molybdenium-catalyzed epoxidation of alkenes.
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Polyoxomolybdates have also successfully been anchored to a zeolite sup-
port and subsequently used as heterogeneous catalyst ({Mo36}@zeolite) for the 
epoxidation of alkenes.17 TBHP was used as the terminal oxidant giving the 
desired products in mostly high yields (Scheme 5). Lower yields were obtained 
for sterically hindered substrates (e.g., α-methylstyrene). Although very small 
loading of the catalyst is required and the catalyst is reusable seven times with 
only a small drop in yield, the drawback of the presented system is the need for 
dichloroethane (DCE) as a solvent.

Changing from molybdenum to tungsten, Masteri-Farahani and Modarres 
developed a peroxopolyoxotungstate catalyst immobilized on the surface of 
clicked magnetite-graphene oxide nanocomposite (GO/MNPs/PW).18 Using 
hydrogen peroxide as the oxidant, several alkenes and allylic alcohols were 
converted to the corresponding epoxide in high yields and excellent selectivities 
(Scheme 6). The catalyst was found to be recyclable five times without signifi-
cant decrease in yield and no metal leaching was observed.

SCHEME 4  Oxidation of alkenes by a polymer-supported molybdenium catalyst.

SCHEME 5  Epoxidation of alkenes using a zeolite anchored polyoxomolybdate catalyst.

SCHEME 6  The epoxidation of alkenes catalyzed by peroxopolytungstate containing magnetic 
nanoparticles.
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Taghiyar and Yadollahi found that molybdenum-containing Keggin struc-
tures encapsulated in keplerate polyoxometalate (SiMo12 ⊂ Mo72Fe30) can be 
efficiently used for the epoxidation of different alkenes in good to high yields 
and selectivities (Scheme 7).19 Ethanol was found to be the best solvent for the 
transformation and hydrogen peroxide was used as a green oxidant. The catalyst 
could be recovered and reused eight times with a small loss in activity.

Rayati et al. used Na-Y zeolite to immobilize a copper pyrrole-phenylenediamine 
complex (CuL-NaY) and investigated its activity in the epoxidation of cyclic al-
kenes.20 Cyclohexene and cyclooctene were both oxidized, the allylic alcohol being 
the major product with cyclohexene. Interestingly, cyclooctene showed a different 
behavior and was converted into the corresponding epoxide in good yields with only 
a small amount of byproducts formed (Scheme 8). Hydrogen peroxide was used as 
the terminal oxidant, giving better results than TBHP. Acetonitrile proved to be the 
best solvent for the reaction. The recyclability of the catalyst was not tested.

Later, the same group developed a more versatile catalyst based on a molybde-
num Schiff base complex bound to MCM-41 ((α-Fe2O3)-MCM-41-Mo(O)2L).21 
A series of substrates was successfully transformed into the epoxide in good to 
excellent yields and excellent selectivities for the epoxide (Scheme 9). Ethanol 
as an environmentally friendly solvent could be employed and the catalyst was 
recyclable five times without significant drop in yield.

SCHEME 7  Epoxidation of alkenes using a polyoxometalate encapsulated Keggin structure.

SCHEME 8  Epoxidation of cyclooctene catalyzed by a zeolite-supported Cu complex.

SCHEME 9  Epoxidation of alkenes with hydrogen peroxide using magnetite-MCM-41 supported 
molybdenum complex as the catalyst.
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The group of Hosseini-Monfared developed an epoxidation catalyst using 
manganese as the active metal. The manganese complex containing a chiral 
indanol ligand was anchored to a graphene oxide/Fe3O4 hybrid support via 
an organic linker (GFC-[Mn(L)(OH)]).22 Isobutyraldehyde was employed as 
a co-catalyst in acetonitrile as the solvent. Molecular oxygen was used as the 
final oxidant not generating any additional byproducts. Due to the chiral nature 
of the ligand employed, the epoxides were obtained with high enantiomeric 
excess with the exception of sterically hindered substrates (Scheme 10). Due 
to its magnetic properties, the catalyst could easily be recycled. Only a small 
drop in yield was observed while the enantiomeric excess seemed to improve 
upon reuse.

The group of Saladino synthesized several catalysts based on methyltri-
oxorhenium anchored to a modified chitosan matrix and used it for the epoxida-
tion of substituted styrenes and cyclooctene.23 The product yields obtained differ 
with the substrate and catalyst used but can reach excellent values (Scheme 11). 
Ethanol was used as the solvent and urea hydrogen peroxide (UHP) adduct was 
the terminal oxidant. While substituents in the beta-position are well tolerated, 
placing a methyl group in the alpha-position leads to an almost complete drop 
in conversion. Recycling of the catalyst was attempted and although the selec-
tivity of the catalyst remained high, a notable decrease in yield was observed in 
the second run already.

SCHEME 10  Enantioselective epoxidation of alkenes using a chiral manganese complex immobi-
lized on graphene oxide/Fe3O4 hybrid support.

SCHEME 11  Epoxidation of various alkenes using a chitosan matrix-supported methyltrioxorhe-
nium catalysts.
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The same group also performed the tandem epoxidation-methanolysis of 
glycals using a methyltrioxorhenium bound to a polymer matrix.24 As for the 
chitosan-based catalysts UHP was used as the oxidant and the catalyst could 
be recovered and reused (Scheme 12). The stereoselectivity observed for the 
epoxidation varies with the exact catalyst-substrate combination.

Grison et al. generated an efficient epoxidation catalyst using the biomass 
from a Mn-hyperaccumulating plant.25 The Eco-Mn catalyst was prepared from 
the plant biomass and incorporated into montmorillonite K-10 as the support 
material. The such prepared heterogeneous system (Eco-Mn/K-10) was found 
to be active in the epoxidation of various alkenes, including sterically demand-
ing natural products (Scheme 13). The yields were high for most substrates 
with excellent selectivities observed. Hydrogen peroxide was applied as the 
oxidant and a DMF/water mixture was used as the solvent for the transforma-
tion. Catalyst recycling was reported to be possible four times without loss in 
catalytic activity.

The group of Pescarmona showed that gallium oxide nanorods of small di-
mensions (Ga2O3-NR) can be used for the epoxidation of alkenes under transi-
tion metal-free conditions.26 The method uses hydrogen peroxide as the oxidant 
and ethyl acetate as the solvent. Although the selectivity for the epoxide is high 
in all cases, the yield seems to be very substrate dependent (Scheme 14). The 
reaction was found to be truly heterogeneous as no leaching of the active species 
into solution was observed during the reaction. The catalyst could be recycled 
five times with only a slight decrease in its activity.

SCHEME 12  Epoxidation-methanolysis of glycals catalyzed by methyltrioxorhenium bound to a 
polymer matrix.

SCHEME 13  Biomass sourced manganese as an epoxidation catalyst.
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In a follow-up study the same group reported that Ga-MCM-41 nanopar-
ticles were also able to catalyze the epoxidation of cyclooctene using hydrogen 
peroxide as the oxidant.27 The desired product was obtained in 91% yield with 
exclusive selectivity. Unfortunately, a mixture of toluene with ethyl acetate was 
used as the solvent, which decreases the green value of the process.

The heterogenization of Shi’s epoxidation catalyst was achieved by the 
groups of Parvulescu and Coman.28 A slight modification of the original Shi 
catalyst allowed its immobilization to a multiwalled carbon nanotube/Fe3O4 
hybrid support (SC-SBILC@MWCNT@Fe3O4). Additional decoration with an 
ionic liquid structure allowed the elimination of an inorganic base normally 
used in these systems. The catalytic activity was characterized by the catalysts’ 
performance in the enantioselective epoxidation of trans-methylcinnamate. The 
reaction was performed in acetonitrile and hydrogen peroxide was used as the 
oxidant, delivering the desired product in 35% yield (Scheme 15). Although 
this appears relatively low, it should be noted that no by-products are formed, 
and the product is obtained with 100%ee. Recycling of the catalyst by magnetic 
separation was possible four times with only a small drop in yield.

The same group later used levulinate-intercalated layered double hydroxides 
(LDH) (LEV@LDH-pp) as a catalyst for the same transformation.29 Similar to 
their previous system (Scheme 15) the product was formed with 100% enanti-
oselectivity but the observed yield was comparatively low (21%).

The epoxidation of fatty acid methyl esters was achieved by Ravasio et al. 
using titanium-grafted silicas as catalysts.30 Using TBHP as the oxidant in 
ethyl acetate as the solvent, high conversion (76%–96%) and selectivity values 
(85%–96%) were observed. Unfortunately, no catalyst recycling studies were 
performed.

SCHEME 14  Epoxidation of cis-alkenes using gallium oxide nanorods as a catalyst.

SCHEME 15  Enantioselective heterogeneous catalytic epoxidation of methyl cinnamate.



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

Heterogeneous catalytic oxidations  Chapter | 3.3  235

Turco, Di Serio and co-workers investigated the epoxidation of cardoon 
seed oil as alternative for soybean oil oxidation.31 The authors found that the 
use of alumina and hydrogen peroxide is superior to other methods, for ex-
ample, performic acid, with regard to both environmental concerns but also 
yield and selectivity of the transformation. Complete transformation of all 
three double bonds in the triglyceride was achieved with 88% selectivity at a 
conversion of 85%.

3.3.3  Dihydroxylation reactions

Dihydroxylation reactions are important tools in synthetic organic chemistry as 
they allow for the selective introduction of a dual functionality within a mol-
ecule. Although many protocols are based on the use of a homogeneous metal 
catalyst (including Sharpless’ traditional catalysts for asymmetric dihydroxyl-
ation) there are efforts to perform the reaction under heterogeneous conditions. 
The first heterogeneous dihydroxylation was reported by Sharpless in 1990.32 
Since then a variety of new methods have been published. A general review on 
metal-catalyzed dihydroxylations was published by Beller et al.33 while Jacobs 
et al. summarized the use of heterogeneous green osmium-catalyzed dihydrox-
ylations.34 The following part shall show examples of heterogeneous catalytic 
dihydroxylations that follow the principles of green chemistry.

3.3.3.1  Dihydroxylations with osmium

Despite its price and especially its toxicity osmium is still the metal of choice 
when it comes to choosing a catalyst for a dihydroxylation reaction, mainly due 
to its extraordinary selectivity. Many of the employed catalysts are homoge-
neous in nature. Alternative methods have been developed in order to prevent 
the contamination of the product mixture with the highly toxic osmium.35 Even 
though this method can prevent the osmium contamination, from a green chem-
istry point of view the use of a fully heterogeneous catalyst should be preferred 
as not only the separation of the osmium could easily be achieved but in addi-
tion there is the possibility to recycle and reuse the catalyst. Several different 
osmium-based solid catalysts were applied in these transformations as sum-
marized in Table 1.

Caps et  al. developed a heterogenized dihydroxylation catalyst based on 
Os3(CO)12 immobilized on MCM-41 support (Os3(CO)12/MCM-41).36 Using 
4-methylmorpholine N-oxide (NMO) as the terminal oxidant the system was able 
to achieve the dihydroxylation of trans-stilbene in a water/acetone mixture as a sol-
vent (Table 1 entry 1). While an excellent conversion and high selectivity was ob-
served some results suggest that the catalyst can leach out into the reaction mixture.

Using a modified support material (Al-MCM-41) when preparing the cat-
alyst the same group achieved the enantioselective dihydroxylation of trans-
stilbene.51 NMO as the oxidant in water/acetone (1:9) gave the (S,S) isomer in 
64% yield and 90%ee (Scheme 16).
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TABLE 1  Heterogeneous osmium-catalyzed dihydroxylations.

Entry Catalyst Oxidant Conditions R1 R2 R3 R4 Yield (%) Recycl. Ref.

1 Os3(CO)12/
MCM-41

NMO H2O/acetone, 
40°C

Ph H H Ph 84 – 36

2 Os@SiO2 NMO tBuOH/CH2Cl2, 
RT

Alkyl, Ph H H, alkyl H, alkyl, CO2Et 65–99 2 times 37

3 Os@SiO2, Ti-
MCM-41

NMO, H2O2 tBuOH/CH2Cl2, 
RT

C4H9 H H H 55 – 38

4 Os@Fe3O4 NMO tBuOH/CH2Cl2, 
RT

Alkyl, Ph H H, alkyl H, alkyl 84–99 5 times 39

5 OsO2-Fe3O4 NMO H2O/acetone, 
100°C

Alkyl, Ph H, Ph H, alkyl H, alkyl, Ph, 
CO2Et

65–99 – 40

6 LDH-OsO4 NMO tBuOH/H2O, RT Ph, alkyl H, Me H, Me H, Ph, alkyl 89–96 * 41

7 Resin-OsO4 O2 H2O/acetone, RT Ph, alkyl H, Me H, Me H, Me, CO2Me 20–99 5 times 42

8 MCM-
(QN)2PHAL-
OsO4

O2 H2O/tBuOH, 
50°C

Ph, alkyl H, 
alkyl

H H, alkyl, Ph 15–99 – 43
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9 SGS-
(DHQD)2PHAL-
OsO4, TS-1

NMO, H2O2 H2O/tBuOH, RT Ph H, 
alkyl

H H, alkyl, Ph, 
CO2Me

55–94 – 44

10 Resin-OsO4, 
(DHQN)2AQN

K3Fe(CN)6 H2O/tBuOH, 
10°C

Alkyl H, Me H H, alkyl 80–95 7 times 45

11 AP-Mg-OsO4 NMO H2O/CH3CN/
acetone

Ph, alkyl H, 
alkyl

H H, alkyl, Ph, 
CO2Me

85–94 5 times 46

12 Os@MS NMO H2O/acetone, RT Ph, alky H, Me H, alkyl H, alkyl, Ph 94–99 4 times 47

13 Zeolite-Os H2O2 H2O/acetone, RT Ph, alkyl H alkyl, H, 
Ph

H, Ph 30–98 5 times 48

14 I-APS-OsO4 NMO H2O/acetone, RT Ph, alkyl H, Me H, alkyl H, CO2R, Ph 68–89 – 49

15 OsO4-P4VP NMO H2O/acetone, RT Ph, alkyl H, Me H H, alkyl, Ph 92–95 # 50

*, Recyclability was mentioned by the authors but not specified. #, Reaction was performed under continuous flow conditions.
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Jacobs’ group immobilized osmium on a SiO2 surface modified with alkene 
containing side chains by the formation of an Os-diolate complex. The authors 
found that the diolate complex of a tetrasubstituted olefin does not undergo hy-
drolysis under standard reaction conditions and can therefore be used to anchor 
Os to a substrate.37 The dihydroxylation reaction uses NMO as terminal oxi-
dant in a tert-butanol/dichloromethane solvent mixture and delivers the desired 
products in high yields and selectivities (Table 1 entry 2). Exceptions to the 
high yields were found when crotonate or cinnamate was used as the substrate. 
The catalyst could be reused in a second reaction without losing its activity and 
selectivity. By performing heterogeneity tests it was found that no leaching of 
the osmium to the solution could be detected.

The same group also investigated the use of hydrogen peroxide as the ter-
minal oxidant in the dihydroxylation reactions of alkenes. Although it was not 
possible to use H2O2 to reoxidize the osmium-diolate complex directly the au-
thors described the use of a two-vessel-system that still allowed for use of H2O2 
as overall terminal oxidant.38 While the dihydroxylation reaction occurs in one 
vessel using the Os@SiO2 catalyst and NMO as oxidant, the regeneration of 
NMO by oxidation of 4-methylmorpholine (NMM) with H2O2 and Ti-MCM-41 
as a catalyst takes place in the second vessel. The heterogeneity of both cata-
lysts allowed for the easy transfer of the solution between the two vessels. Each 
individual step gave low conversion towards the diol product, but the authors 
showed that higher conversions can be achieved by performing multiple itera-
tions of the reaction sequence (Table 1 entry 3).

The concept of using osmium-diolate complex to anchor the metal to a sup-
port was also used by Fujita et al.39 The authors anchored the osmium species 
on magnetic Fe3O4 nanoparticles (Os@Fe3O4) and could show that the catalyst 
efficiently performed the dihydroxylation of several alkenes in excellent yields 
(Table 1 entry 4). NMO was used as the oxidant in tBuOH-CH2Cl2 as a solvent. 
The catalytic system could be recycled five times with no decrease in yield, but 
the reaction time had to be increased. A small amount of osmium was found to 
leach into solution during the reaction.

Ramón and his co-workers showed that osmium can be deposited on com-
mercial magnetite microparticles (OsO2-Fe3O4). The catalyst was able to per-
form the dihydroxylation of various substrates in acetone/water as a solvent 
with NMO as the oxidant.40 The reaction gives high yields in general (includ-
ing allyl esters and ethers) with the exception of sterically hindered substrates 
and cinnamates that only gave a medium yield (Table 1 entry 5). The authors 

SCHEME 16  The dihydroxylation of trans-stilbene using an Al modified MCM-41 supported 
osmium catalyst.
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reported that the catalyst can be separated and reused but a much lower yield 
was observed, and substantial osmium leaching was also detected making the 
reuse of the catalyst impractical from a green point of view.

The research group of Choudary developed the heterogenization of osmium 
by the ion-exchange technique. Starting with ion-exchange in LDH41 the method 
was extended to other substrates such as amine modified silica particles and 
polymer resins.42 The researchers performed the dihydroxylations in the pres-
ence of (DHQD)2PHAL as chiral ligand and obtained the diols in high yields 
and very good enantioselectivities in most cases. Different oxidants such as 
NMO, also molecular oxygen, as a green alternative, performed well. Acetone/
water or tBuOH/water mixtures were used as the solvent and the catalyst could 
be recycled up to five times without any decline in its performance (Table 1 
entries 6 and 7).

The same researchers also investigated the immobilization of osmium via 
a cinchona alkaloid linker grafted onto the surface of MCM-41.43 A series of 
alkenes were successfully submitted to the asymmetric dihydroxylation using 
molecular O2 as oxidant amongst others. A water/tBuOH mixture was used 
as the solvent; both yields and enantiomeric excess were excellent for most 
substrates with the exception of highly conjugated systems such as stilbene 
(Table  1 entry 8). Although the use of oxygen gas as the oxidant is desir-
able from a green point of view, the system suffers from significant osmium 
leaching.

This method of osmium immobilization by a chiral complex was also ap-
plied to the two component oxidation system developed by Jacobs et al.38 Silica 
gel particles were used as the substrate and the products were obtained in good 
yields (with the exception of styrene) and high enantiomeric excess (Table 1 
entry 9).44 Unfortunately the system showed a high osmium leaching making it 
not suitable for recycling.

In order to overcome the Os leaching issue Choudary et al. turned to their 
resin-bound osmium catalyst and added a chiral ligand to achieve the asymmet-
ric dihydroxylation.45 As oxidant K3Fe(CN)6 was used in tBuOH/water (Table 1 
entry 10). Both the product yields and enantiomeric excess were good for the 
examples shown. Recycling studies showed that the catalyst could be reused 
seven times before a notable drop in yield is observed, however, the chiral li-
gand had to be replenished after each reaction to maintain the level of enan-
tioselectivity. In a similar example, K3Fe(CN)6 and NaIO4 served as catalytic 
co-oxidants with the osmium catalyst.52

Further investigations from the same research group indicated that osmium 
can be anchored on nanocrystalline MgO (AP-Mg-OsO4) to form an active di-
hydroxylation catalyst.46 The reaction was performed in a combination of water/
CH3CN/acetone as the solvent using NMO as the oxidant. The products were 
obtained in high yields and the catalyst was recycled five times with a small drop 
in yield (Table 1 entry 11). Experimental evidence revealed that the osmium was 
bound to the surface via a stable glycolate bond.
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Rana et al. were able to immobilize osmium on poly-lysin/SiO2, inorganic-
organic hybrid microspheres (Os@MS) and use this material as a catalyst for 
the dihydroxylation of alkenes with NMO as oxidant.47 When (DHQD)2PHAL 
was added as a chiral ligand, the products were obtained in excellent yields and 
enantioselectivities in water/acetone as the solvent (Table 1 entry 12). The cata-
lyst could be reused four times with no loss in activity.

Metin’s group developed a new dihydroxylation catalyst that was based 
on osmium nanoclusters confined in zeolite-Y.48 The catalyst is effective for 
a large variety of substrates including various functional groups (Table 1 en-
try 13). Mainly the cis-alkenes were tested and the yield obtained was high 
in all cases with the exception of cis-stilbene. This was rationalized by the 
large size of the cis-stilbene not allowing the molecule to enter the cavities 
of the zeolite catalyst. H2O2 in water/acetone was used as the oxidant-solvent 
mixture and the catalyst could be reused five times with only a small decrease 
in yield.

Amine-functionalized imogolite nanorods were used by Xi et al. for the co-
ordination of osmium and the thus prepared catalyst (I-APS-OsO4) was found to 
be effective in the dihydroxylation of alkenes.49 The substrates were mostly sty-
rene derivatives that gave the desired dihydroxylated compounds in high yields 
(Table 1 entry 14). NMO was used as the oxidant in acetone/water solvent mix-
ture. Attempts to recycle the catalyst failed due to significant catalyst leaching 
causing a large drop in yield.

Kim and co-workers were able to immobilize OsO4 within a P4VP nano-
brush microreactor and successfully performed the dihydroxylation of alkenes 
under continuous flow conditions.50 The desired products were obtained in ex-
cellent yields even after prolonged use of the microreactor (Table 1 entry 15). 
The same microreactor-catalyst system can be used to perform oxidative cleav-
age when NaIO4 is used as oxidant instead of NMO.

3.3.3.2  Dihydroxylations with metals other than osmium

As described above, despite its toxicity, osmium is still the go-to metal when 
performing the dihydroxylation of alkenes, however, there are a few reports us-
ing other metals to perform this transformation.

Shi et  al. developed a dihydroxylation catalyst based on peroxophospho-
tungstate immobilized in an ionic liquid brush on a SiO2 surface.53 Using H2O2 
as the oxidant in water the desired products were obtained in mainly high yields 
(Scheme 17). Investigations on the recyclability of the system showed that reus-
ing the catalyst eight times was possible with only a negligible decrease in yield. 
The authors also showed that the reaction could be scaled up to 100 mmol level 
without significant decline in performance.

Duan and his group synthesized chiral metal-organic frameworks (cMOFs) 
that incorporated Keggin-type tungsten-containing polyoxometallates. This 
system allowed for the asymmetric dihydroxylation of styrenes in a mixture 
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of H2O2 (15%) and CH2Cl2 (3:1) providing the diols in good yields.54 The en-
antioselectivities obtained were excellent except for substrates possessing an 
ortho-substituent (Scheme 18). Filtration experiments showed that the reaction 
is indeed heterogeneous in nature and the catalyst could be recycled three times 
with a moderate loss in activity.

Branytska and Neumann described the use of a mixed vanadium/molyb-
denum polyoxometalate and iodine for the diacetoxylation of alkenes.55 The 
polyoxometalate first forms an electrophilic iodine species, which leads to the 
formation of a 1,2-iodoacetate. Hydrolysis and reaction with the solvent acetic 
acid leads to the formation of the final 1,2-diacetoxy compounds (Scheme 19). 
The use of molecular oxygen as green terminal oxidant is counterbalanced by 
the formation of 2 eq. hydrogen iodide during the reaction.

3.3.4  Wacker-type oxidation reactions

The Wacker oxidation or Wacker-Tsuji oxidation56 was one of the first homo-
geneous catalytic reactions that was implemented on an industrial scale57 and 
is still used today for the production of methyl ketones from terminal alkenes. 
Despite its high importance in the industry, the reaction is still mostly performed 

SCHEME 17  The dihydroxylation of alkenes catalyzed by a heterogenized peroxophosphotungstate.

SCHEME 18  Enantioselective dihydroxylation using a chiral MOF as catalyst.

SCHEME 19  Tandem hydroxylacetylation-acetylation reaction using and iodine polyoxometalate 
catalyst.
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under homogeneous conditions, very few reports on the heterogenization of this 
transformation can be found. Examples on Wacker or Wacker-type oxidations 
using a heterogeneous catalytic system are summarized below.

The first report of a green, heterogeneous Wacker oxidation was presented 
by Kulkarni et al. Using palladium on carbon as the catalyst and KBrO3 as the 
oxidant the authors were not only able to heterogenize the system but also avoid 
the use of toxic copper co-catalysts.58 A series of terminal alkenes could be 
converted into the corresponding methyl ketone in good yields using a THF-
water mixture as solvent (Scheme 20). The substrates tested included aromatic 
and aliphatic alkenes containing a variety of functional groups including for 
example, ethers, esters, and aldehydes. It should be noted that the formyl group 
present in the substrate remained untouched by the catalytic system.

Gao et al. showed that palladium bound to reduced graphene oxide (RGO) 
can be used for the selective oxidation of terminal alkenes to the corresponding 
methyl ketones.59 The reaction was suitable for styrene derivatives, as well as 
terminal and internal aliphatic alkenes. The catalyst (Pd0/RGO) showed good 
performance and gave the desired products in mostly good yields (Scheme 21). 
Exceptions are compounds with strong electron-withdrawing substituents. 
Hydrogen peroxide was used as the terminal oxidant in the system and graphene 
oxide was added as a weak solid acid. The catalyst was shown to be recyclable 
five times with a small drop in yield and hot filtration tests showed that the reac-
tion is indeed heterogeneous in nature.

The same group showed previously that the oxidation of styrenes using a 
Pd/C catalyst with H2O2 as oxidant is possible using sulfuric acid as the acid 
co-catalyst.60 Medium to high yields were obtained with differently substituted 
styrene derivatives. Although reusing the catalyst is possible the use of sulfuric 
acid is not desirable from a green point of view.

SCHEME 20  Wacker-type oxidation of terminal alkenes catalyzed by a simple Pd/C-KBrO3 
system.

SCHEME 21  Wacker oxidation of disubstituted alkenes catalyzed by reduced graphene oxide 
(RGO) supported Pd.
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Borah and Zhao used periodic mesoporous organosilicas (PMO) as a sup-
port to immobilize palladium via a diketimine linkage.61 The obtained material 
(Pd/PMO) was used as a catalyst for the Wacker oxidation of styrene as a test 
reaction. Acetophenone was obtained with excellent selectivity and good yields 
(Scheme 22). The catalyst could be recycled five times with no loss in activity. 
While hydrogen peroxide was used as a green oxidant, the system suffers from 
the use of acetonitrile as the solvent. The authors could show that higher yields 
can be obtained when the reaction time is prolonged, but this causes deteriora-
tion of the catalyst, limiting its recyclability.

A domino process for the synthesis of substituted α-carbonyl-furans that 
involved a palladium-free Wacker-type oxidation was described by Jiang et al.62 
Starting from a propargylic alcohol and an electron-deficient alkyne a first PBu3-
catalyzed step forms an enyne intermediate, which then undergoes cyclization 
and oxidation catalyzed by Cu2O nanoparticles. Oxygen is used as the terminal 
oxidant for the process and a large variety of substituents are tolerated in the 
reaction giving the desired products in moderate to good yields (Scheme 23).

3.3.5  Oxidative cleavage of hydrocarbons

The oxidative cleavage of carbon-carbon (multiple) bonds is of immense impor-
tance in the field of synthetic chemistry as it allows for the specific alteration of 
the carbon framework of a compound, as well as the introduction of functional 
groups such as aldehydes, ketones, or carboxylic acids. Ozonolysis, one of the 
most well-known methods, had been first reported over a century ago and this 
transformation, at least the concept of the CC bond cleavage, is still attracting 

SCHEME 22  Oxidation of styrene to acetophenone using hydrogen peroxide catalyzed by Pd on 
periodic mesoporous organosilicas.

SCHEME 23  Domino CC-coupling/oxidation reaction for the formation of substituted furans.
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significant interest. Although there are a variety of methods available, many do 
not comply with the principles of green chemistry. Cousin et  al. did provide 
a recent review on green cleavage reactions with H2O2.

63 Due to the practical 
value of these reactions, development of heterogeneous catalytic processes64 
as well as better understanding of the mechanism of such reactions65 are in the 
forefront of research in this area. The following examples will focus on the use 
of heterogeneous catalysts for green cleavage reactions.

3.3.5.1  Cleavage to generate aldehydes and ketones

Schäfer et al. reported that styrenes can be easily cleaved to the corresponding 
aldehydes using montmorillonite KSF as a catalyst and oxygen from air as the 
oxidant.66 The reaction is performed in water as the solvent and the products are 
mostly obtained in medium to good yields depending on the substitution pattern 
of the substrate (Scheme 24). The advantage of the method is in its simplicity 
and the absence of any harmful chemicals.

The Eco-Mn catalyst that was designed and applied by Grison and his group 
for the epoxidation of alkenes (vide supra) could also be used for the cleavage of 
CC double bonds to form aldehydes.25 In order to obtain the carbonyl function 
the reaction conditions were adjusted; an increase in the amount of the oxidant 
H2O2 and higher temperatures were applied. Different styrene derivatives were 
cleaved with varying yields and selectivities (Scheme 25). The recycling of the 
catalyst was only shown for the epoxidation reaction, but it can be assumed that 
similar performance could be observed for the cleavage reaction.

SCHEME 24  A montmorillonite KSF-catalyzed oxidative cleavage of styrenes to aldehydes and 
ketones.

SCHEME 25  Cleavage of styrene derivatives using a biosourced manganese loaded montmoril-
lonite K10.
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An oxidized version of this catalyst was applied by the same group for the 
cleavage of aromatic 1,2-diols to aldehydes and ketones.67 Symmetric diols 
were converted into the expected carbonyl compounds with mostly excellent 
yields for the target compounds (Scheme 26). The catalyst showed no decrease 
in yield even after six consecutive runs.

Anastas and his coworkers reported that the reaction could be performed 
under the same conditions as shown above using a catalyst made of Na-Mn-
layered mixed oxides (Na-Mn LMO).68 The scope of the reaction and the yields 
obtained were similar to the above shown results. Six consecutive reactions 
could be performed with the same catalyst before a notable decline in yield was 
observed. It was also shown that the reaction system is compatible with a variety 
of other reactions such as aldol-condensation, Wittig-reaction or imine forma-
tion, and their combination with the oxidative cleavage could be performed as 
one-pot operation. Additionally, the reaction is robust and easy to perform as it 
has been applied in teaching laboratories.69

The group of Liu showed that metal organic frameworks of the Mn-MIL-100 
type can be used for the cleavage of styrene to benzaldehyde (Scheme 27).70 
The researchers used tert-butyl hydroperoxide as the oxidant and showed that 
recycling of the catalyst was possible three times with only a minimal reduction 
in benzaldehyde yield. Unfortunately, styrene was the only substrate tested and 
acetonitrile had to be used as the solvent.

Yu, Zhang and co-workers developed an effective selenium-doped iron ox-
ide (Se@Fe2O3) catalyst for the oxidative scission of the CC double bond 
with hydrogen peroxide as the oxidant.71 Several 1-aryl alkenes were success-
fully cleaved to form the corresponding ketone or aldehyde products in moder-
ate to good yields (Scheme 28). The researchers were successful in recycling 

SCHEME 26  Oxidative cleavage of 1,2-diols with a biosourced manganese catalyst.

SCHEME 27  Selective formation of benzaldehyde from styrene catalyzed by a Mn-containing 
metal-organic-framework.
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the catalyst, it could be reused without deactivation. As an additional green fea-
ture, dimethylcarbonate (DMC) was used as solvent.

Kim et al. were able to extend the applicability of their microreactor system 
(immobilized OsO4 within a P4VP nanobrush microreactor) for the continuous 
flow oxidative cleavage of styrene derivatives to aldehydes and ketones using 
NaIO4 as the oxidant.50 THF/water was used as the solvent and the products 
were obtained in good to excellent yields (Scheme 29).

Dai et al. were able to synthesize a tungsten-containing version of the popu-
lar MCM-41 catalyst (W-MCM41) and reported its use in the formation of glu-
taraldehyde from cyclopentene.72 The reaction delivers the product under mild 
conditions using H2O2 as the oxidant and tBuOH as the solvent (Scheme 30). 
The catalyst could be recycled and reused seven times without loss of activity 
or selectivity.

SCHEME 28  Formation of 1-aryl carbonyl compounds via the selenium doped iron oxide-
catalyzed oxidation of alkenes.

SCHEME 29  Application of Os-loaded microreactors for the oxidative cleavage of alkenes.

SCHEME 30  Tungsten-containing MCM-41-catalyzed cleavage of cyclopentene with hydrogen 
peroxide as the oxidant.
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Upadhyaya and Samant showed that the selection of solvent determines 
the outcome of the reaction of benzopinacol with vanadium phosphorous 
oxides (VPOs).73 While performing the reaction in MeOH the cleavage 
product benzophenone was obtained (Scheme 31). In contrast, the use of a 
nonpolar solvent such as toluene favors the formation of the pinacol rear-
rangement product. A variety of starting materials was successfully trans-
formed to the carbonyl product in good to excellent yields. The reusability 
of the catalyst was shown in four subsequent reactions without loss of 
activity.

Heravi and co-workers reported that the oxidative cleavage of differ-
ent CN-containing compounds to obtain ketones can be achieved with a 
vanadomolybdophosphate, H6PMo9V3O40 as a catalyst in acetic acid as the 
solvent.74 The applicability of the method was demonstrated by the cleavage 
of a variety of oximes, hydrazones, and semicarbazones in very high yields 
(Scheme 32). The catalyst was shown to be recyclable three times with only 
a small loss in yield.

Using a one-pot electrochemical oxidative cleavage and oxidative cycliza-
tion the groups of Pan and Li were able to achieve the quinazolinone formation 
from styrenes and 2-aminobenzamides using a Pt electrode.75 No additional oxi-
dant was used and nBu4NBF4 was applied as the electrolyte in a MeOH/CH3CN 
mixture. A variety of products was obtained in mainly medium to good yields 
(Scheme 33).

SCHEME 31  Oxidative cleavage of symmetrical 1,2-diols using vanadium phosphorous oxides 
as catalyst.

SCHEME 32  Oxidative cleavage of CN bonds with vanadomolybdophosphate catalyst.
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3.3.5.2  Cleavage to generate carboxylic acids and esters

The formation of adipic acid from cyclohexene was achieved by Zhai, An, and 
co-workers using a mixed H3PW4O24/PEHA/ZrSBA-15 catalyst system.76 The 
reaction was performed with H2O2 as the oxidant and no additional solvent was 
used, giving the product in 91% yield (Scheme 34). Recycling of the catalyst 
was attempted but it was found that although possible, a notable drop in yield 
was observed over five runs.

Mizuno et al. developed a “release and catch” system based on a tungstate 
species supported on zinc-modified tin oxide (Zn-SnO2) system for cleavage 
of alkenes to form carboxylic acids.77 Hydrogen peroxide acted as the terminal 
oxidant and tert-butanol was chosen as the solvent. The tungstate species were 
thereby released from the support upon oxidation to peroxotungstate, which 
then oxidized the alkene. Upon returning into its original state the tungstate 
binds again to the Zn-SnO2 support. The catalyst could be reused in 10 reaction 
cycles without loss of activity and tungsten leaching was determined to be < 1% 
by ICP analysis. It should be noted that although a variety of substrates were 
subjected to the reaction conditions only 1-methylcyclohexene gave satisfactory 
product yield (Scheme 35).

SCHEME 33  One-pot electrochemical oxidative cleavage-cyclization sequence of amino-amides 
with styrenes on a solid Pt electrode.

SCHEME 34  Oxidative cleavage of cyclohexene to form adipic acid using a H3PW4O24/PEHA/
ZrSBA-15 catalyst.

SCHEME 35  Oxidative ring opening of 1-methylcyclohexene with hydrogen peroxide promoted 
by a tungstate supported on zinc-modified tin oxide catalyst.
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Mesoporous carbon nitride (mpg-C3N4) was used by the group of Cao as an ac-
tive photocatalyst to initiate the oxidative cleavage of α-hydroxy ketones to acids.78 
Using visible light and molecular oxygen, a variety of substituted benzoins were 
successfully converted into the corresponding benzoic acids (Scheme 36). CH3CN/
H2O was used as the solvent mixture for the reaction. The authors reported that the 
catalytic activity remained stable when the catalyst was reused three times.

The application of vanadium exchanged Nafion-H in the cleavage of α-
hydroxy ketones to form esters was reported by Aakel et al.79 The reaction was 
performed in MeOH as a solvent and molecular oxygen served as the oxidizing 
agent (Scheme 37). Interestingly, the catalyst improved upon being reused as 
the recycled catalyst gave higher yields.

The group of Sajiki and Monguchi described that a commercially available 
ruthenium on carbon catalyst can be used for the oxidative cleavage of aromatic 
ketones to generate the corresponding benzoic acids.80 The authors used CaO to 
capture the CO2 formed by degradation of R2 and thereby increasing the yield of 
the reaction albeit with a low atom economy. The reaction is performed in water 
and uses molecular oxygen as the oxidant. With some exceptions the products 
are obtained in good to excellent yields (Scheme 38).

SCHEME 36  An oxidative photocatalytic cleavage of benzoins to form two molecules of benzoic 
acids.

SCHEME 37  Synthesis of diesters via the Nafion/[VO2]
2 + -catalyzed oxidative cleavage of cyclic 

α-hydroxyketones.

SCHEME 38  A Ru/C-catalyzed oxidative cleavage of aryl ketones to benzoic acids with oxygen 
and the oxidant.
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3.3.5.3  Other oxidative cleavage reactions

Several oxidative cleavage reactions serve environmental purposes, such as the 
degradation of certain pollutants. Ananthakrishnan et al. reported that an iron-
phenanthroline hybrid resin can be used as a heterogeneous photocatalyst for 
the oxidative degradation of dyes with benzoic acid as the major product using 
molecular oxygen and visible light.81 Using Rhodamin B as the model com-
pound a good degree of degradation and reusability was achieved.

Mukhopadhyay and co-workers showed that the cleavage of disulfides is pos-
sible with molecular O2 and piperazinylpyrimidine modified MCM-41 (MCM-PP) 
as catalyst.82 The cleavage of ortho-aminothiophenol disulfide was performed in 
the presence of different benzaldehydes in order to obtain the corresponding ben-
zothiazoles (Scheme 39). The yields obtained were excellent and only a minor de-
crease in yield was observed when the catalyst was reused in six consecutive runs.

Wetzel and Jones used an electrochemical setup to perform the oxidative 
C-N cleavage of aromatic sulfonamides.83 Using LiClO4 as the electrolyte in 
MeOH/CH3CN solvent a variety of substrates can be converted to the desired 
products (Scheme 40). Depending on the amount of charge transferred, the con-
trolled sequential cleavage of both alkyl-substituents can be achieved. The reac-
tion can be performed either in batch or continuous-flow mode. No additional 
oxidants needed to be used and all unreacted reagents could be recovered.

The groups of Jiao and Zeng showed that substituted anilines can be ob-
tained from alkylarenes using an electrochemical approach.84 The researchers 
used azides as nitrogen source (Scheme 41). The advantage of the proposed 

SCHEME 39  Synthesis of benzothiazoles by the catalytic oxidative cleavage of disulfides and the 
subsequent reaction of the intermediate with benzaldehydes.

SCHEME 40  Electrochemical oxidative cleavage of CN bonds.
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method is in the absence of an additional oxidant, although the use of the azide, 
as well as the solvent employed reduce the green rating of the reaction. The 
products are obtained mostly in medium to high yields.

3.3.6  Oxidation of CO and CN bonds

The selective transformation of carbon-heteroatom single bonds to multiple 
bonds by direct oxidation is of great importance in the field of synthetic organic 
chemistry. The following section will contain examples for the heterogeneous 
catalytic, controlled oxidation of CO, and CN bonds following the principles 
of green chemistry.

3.3.6.1  Oxidation of CO bonds

Chen, Li, and their co-workers developed an MOF-derived magnetic 
nanoparticles-based catalyst using iron as the catalytically active metal (B-
600) for the selective oxidation of alcohols to aldehydes and ketones with 
H2O2 as the oxidant and water as the solvent.85 A variety of benzylic alcohols 
with both electron-withdrawing and -donating substituents, as well as several 
aliphatic alcohols were oxidized with high conversion and excellent selec-
tivity (Scheme 42). Because of its magnetic properties the catalyst could be 

SCHEME 41  Aniline formation by an oxidative electrochemical CC cleavage.

SCHEME 42  Synthesis of ketones by oxidation of secondary alcohols using an Fe-doped MOF catalyst.



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

252  Heterogeneous catalysis in sustainable synthesis

easily removed from the reaction mixture and reused in four subsequent reac-
tions with only a small decrease in its activity.

The same transformation with a similar substrate scope was achieved using 
a ruthenate-based perovskite (CLSR) as a catalyst under solvent-free condi-
tions.86 Air was used as the oxidant and the desired products were obtained in 
high yields and with excellent selectivity for the aldehyde (Scheme 43). The 
authors showed that the catalyst was recyclable, albeit a drop in yield was noted 
over the course of four consecutive reactions. Interestingly, the catalyst could 
be reactivated by heating it to 400°C overnight. When a diol was used as the 
starting material, the corresponding lactone was obtained.

A magnetically separable catalyst using a MOF was developed as the cata-
lytic entity and was immobilized on a combined silica and cobalt-iron oxide 
support (CoFe2O4@SiO2@MIL-53(Fe)).87 Benzylic alcohols were oxidized to 
their corresponding aldehydes and ketones with H2O2 as the oxidant and water 
as the solvent (Scheme 44). Recycling of the catalyst was possible six times 
with only a minor decrease in yield while the selectivity was unchanged. The 
researchers could also show that the presented catalytic system was able to initi-
ate the CC bond cleavage of benzylic compounds if more hydrogen peroxide 
is used.

SCHEME 43  Oxidation of alcohols to ketones and esters by a ruthenate-based perovskite 
catalyst.

SCHEME 44  Oxidation of benzylic alcohols with hydrogen peroxide using a magnetic MOF 
catalyst.
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Varma and his team synthesized Pd-nanoparticles on a hydroxyapatite support 
(HAP-Pd) and applied it as a catalyst for the oxidation of secondary alcohols to 
ketones.88 A series of cyclic aliphatic alcohols was transformed in high to excel-
lent yields with H2O2 using water as environmentally benign solvent (Scheme 45). 
The catalyst was recycled six times with only a minor decline in its performance.

The same transformation was achieved by Kidwai et al. using nanocrystal-
line TiO2 as a heterogeneous catalyst with H2O2 as the oxidant in PEG-400.89 
Aliphatic as well as benzylic secondary alcohols provided the ketone in high 
yields (Scheme 46). Recycling studies showed that the catalyst could be reused, 
albeit with a slight decrease in yield after the second run.

TiO2 incorporated within a mesoporous MOF (70Ti@SHK2) was found to 
be an effective catalyst in the photocatalytic oxidation of primary and second-
ary alcohols with O2 and sunlight to generate aldehydes and ketones.90 Using 
acetonitrile as solvent, the products were obtained in mainly good yields with 
the exception of substrates possessing strong electron-withdrawing substituents 
(Scheme 47). The catalyst could be reused but a significant decrease in conver-
sion was observed.

SCHEME 45  Hydroxyapatite-supported Pd as a catalyst for the oxidation of cyclic alcohols to the 
corresponding ketones.

SCHEME 46  TiO2 nanoparticles for the formation of ketones.

SCHEME 47  Light-driven oxidation of benzylic alcohols catalyzed by a TiO2 incorporated into a 
mesoporous metal-organic framework.
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Farhadi et al. used a silica-encapsulated polyoxometalate (H3PW12O40/SiO2) 
as a photocatalyst for the formation of aldehydes and ketones from benzylic 
alcohols.91 Performing the reaction in acetonitrile in the presence of O2 and 
light resulted in the formation of the products in mostly good to excellent yields 
(Scheme 48). The catalyst could be reused eight times with only a slight de-
crease in yield. The authors could also show that scaling up the reaction by 
a factor of 100 was easily possible without any decline in the performance of 
the system. Similar photocatalytic systems have also been developed by other 
authors.92

The same group also applied a zirconia-supported sodium decatungstate 
(Na4W10O32/ZrO2) as a catalyst for the oxidation of benzylic alcohols with O2/
light.93 As with the POM/SiO2-system above (Scheme 48) the corresponding 
aldehydes and ketones were obtained in mostly high yields with the excep-
tion of substrates possessing strongly electron-withdrawing substituents on the 
aromatic ring (Scheme 49). The authors reported that the scale up (50-fold in-
crease) of the system was possible. In addition, the recycling of the catalyst in 
seven cycles was tested and no deactivation was observed.

A hybrid catalyst based on multiwalled carbon nanotubes and titanium diox-
ide (MWCNTs/TiO2) was developed and used in combination with ultrasounds 
for the oxidation of benzylic alcohols to aldehydes and cycloalkanols to the 
corresponding ketones.94 The reaction was performed in acetonitrile as solvent 
and delivered the desired products in excellent yields with air as the oxidant 
(Scheme 50). The catalyst could be recycled in six consecutive reactions with 
only a minimal decrease in yield.

SCHEME 48  Silica encapsulated polyoxometalate/light system for the oxidation of benzylic 
alcohols.

SCHEME 49  Zirconia-supported sodium decatungstate-catalyzed light activated oxidation of 
benzylic alcohols.
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Pathak and Borah used piper leaf extract to generate reduced graphene 
oxide-supported Pd nanoparticles and used this catalyst (Pd@rGO) for the oxi-
dation of benzylic alcohols.95 Hydrogen peroxide was used as the oxidant in 
water as a solvent to obtain the desired aromatic aldehydes and ketones in mostly 
high yields (Scheme 51). No degradation of the catalyst was observed during the 
reaction and the catalyst could be reused five times without losing its activity.

Amani and co-workers used a magnetic nanocomposite as catalyst for the 
same transformation. Benzylic alcohols were oxidized to aldehydes and ketones 
with a catalyst based on a composite of graphene oxide-Fe3O4-NH3

+ H2PW12O40 
(GO/Fe3O4/HPW) using H2O2 as oxidant in water.96 The products were obtained 
in high yields with substrates having both electron-donating and -withdrawing 
substituents present on the aromatic system (Scheme 52). When the alcohol 
substrate was not benzylic in nature the formation of the acid as by-product was 

SCHEME 50  Multiwalled carbon nanotubes/titanium dioxide system for the oxidation of ben-
zylalcohols and cyclic alcohols to aldehydes and ketones.

SCHEME 51  Oxidation of benzylic alcohols with a eco-sourced Pd nanoparticle-based catalyst.

SCHEME 52  Synthesis of aldehydes and ketones from benzylic alcohols promoted by a graphene 
oxide-Fe3O4-tungstophosphoric acid catalyst.
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observed due to overoxidation. Recycling of the catalyst was possible five times 
but a notable drop in yield was already observed in the second reaction.

Naeimi et al. were able to immobilize a molybdenum complex on bio-based 
iron oxide nanofibers and use it as a catalyst for the oxidation of alcohols. 
The iron oxide was obtained from Sesbania sesban plant and modified with a 
Mo complex before depositing it on polyvinyl alcohol to form the active cata-
lyst (PVA/Fe2O3/MoSb).97 Formation of the aldehyde in excellent yields was 
achieved using H2O2 as the oxidant under solvent-free conditions (Scheme 53). 
Changing the oxidant/solvent to tBuOOH led to the formation of the corre-
sponding carboxylic acid instead. Although the recycling of the catalyst was 
possible with only a minor drop in yield when H2O2 was used, a notable loss in 
activity was observed with tBuOOH as an oxidant.

Oxygen as terminal oxidant was used in combination with a Pd-complex 
bound to SiO2 (Pd@SiO2) as the catalyst for the oxidation of alcohols by Paul 
and co-workers.98 Benzylic and aliphatic primary alcohols were converted to 
the corresponding aldehydes in high to excellent yields (Scheme 54). Air could 
also be used as the oxidant instead of pure oxygen without decreasing the se-
lectivity of the reaction, however, longer reaction times were needed to achieve 
high yields. Drawback of the system is the limited reusability (a tremendous 
drop in yield occurred after the third run) and the need for toluene as the solvent.

Chauhan and Yan synthesized a new oxidation catalyst based on copper 
phthalocyanine grafted on nanocrystalline cellulose (NCC-PC) for the oxidation 

SCHEME 53  The oxidation of benzylic alcohols with hydrogen peroxide using a molybdenum 
modified bio-based iron oxide catalyst.

SCHEME 54  Oxidation of alcohols with a SiO2-bound Pd-complex.
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of alcohols to aldehydes and ketones in water as solvent using air as the oxi-
dant.99 The carbonyl compounds were obtained in high yields and the catalyst 
was shown to be recyclable in seven reactions with only a minor decrease in 
yield (Scheme 55). The authors investigated the stability of the catalyst and 
found that no copper leaching into the solution occurred.

Ibrahem et al. used controlled pore glass as support material for the prepa-
rations of a copper nanoparticles-based catalyst (Cu-Amp-CPG) for the aero-
bic oxidation of alcohols using TEMPO/O2 as oxidation system.100 The system 
does not require a solvent and allows for a variety of benzylic alcohols to be 
efficiently oxidized into the corresponding aldehydes or ketones (Scheme 56). 
The catalyst was shown to be robust which ensured that it could be recycled 
and allowed the reaction to be performed seven consecutive times with only a 
minimal decrease in yield.

The Huang’s group prepared a heterogeneous cobalt catalyst (Co@NC) by 
the pyrolysis of Co(OAc)2 in an ionic liquid. This material was applied in the 
selective oxidation of alcohols with O2 as the final oxidant.101 The reaction out-
come can thereby easily be directed via the applied reaction conditions. In order 
to obtain the aldehyde product the reaction should be performed using etha-
nol as the solvent (Scheme 57a) while in methanol, the process generates the 
methyl ester directly (Scheme 57b). Switching to tert-amyl alcohol and adding 

SCHEME 55  Oxidation of alcohols to aldehydes and ketones using a nanocrystalline cellulose-
supported copper catalyst.

SCHEME 56  The oxidation of benzylic alcohols on a glass-supported copper catalyst.
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NH3 into the reaction mixture delivers the corresponding nitrile as the product 
(Scheme 57c). All products are obtained in excellent yields and selectivities 
under their respective reaction conditions. Recycling of the catalyst was investi-
gated for all three reaction pathways and proven to be possible eight times with 
only a minor decrease in yield.

In a similar process, Christensen et al. achieved the direct transformation of 
an alcohol to the corresponding methyl ester using a commercial heterogeneous 
gold-catalyst supported on TiO2 (Au/TiO2).

102 Oxygen was used as the oxidant 
in the reaction system and the authors showed that aliphatic as well as benzylic 
alcohols can be transformed under these conditions (Scheme 58). The tested 
substrates allowed for the transformation to occur in high yields.

The same oxidative esterification was investigated by the groups of Meng 
and Zhao. Using an α-hydroxy ketone as a starting material the authors targeted 
the hydroxyl part that was in situ oxidized and then participated in the esterifi-
cation.103 A copper-manganese hydrotalcite catalyst (CuMn-HT) was used and 
O2 served as the oxidant. A series of alcohols was proven to be effective in the 
transformation and the ester products were obtained in high to excellent yields 
(Scheme 59). Furthermore, the authors also proved that the reaction could be 
performed with complicated molecules such as cholesterol or testosterone. The 
catalyst could be reused five times without showing a decrease in product yield 
and the reaction could also be easily scaled up to a multigram level.

SCHEME 57  A cobalt-catalyzed oxidation of benzylic alcohols to form (a) ketones/aldehydes, 
(b) esters or (c) nitriles depending on the reaction conditions.
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Ghorbanloo et al. used silver nanoparticles embedded in poly(acrylic acid) 
hydrogels (p(AA)-Ag)) as a heterogenous catalyst for the oxidation of primary 
alcohols to carboxylic acids using O2 as the oxidant in water.104 Several benzylic 
alcohols were oxidized to the corresponding benzoic acid with only a minor 
amount of the aldehyde being formed (Scheme 60). The catalyst could be re-
cycled four times without a notable change in its activity.

SCHEME 58  TiO2-supported gold catalyst for the formation of esters from primary alcohols.

SCHEME 59  Selective ester formation using a copper-manganese hydrocalcite catalyst.

SCHEME 60  The application of silver nanoparticles as catalyst for the oxidation benzylic alco-
hols of carboxylic acids.
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Kobayashi and co-workers reported the formation of amides from alcohols 
and amines by oxidative coupling using Au nanoparticles (PICB-Au/Co) in 
two studies.105, 106 The reaction was performed with O2 as oxidant in a THF/
water mixture (Scheme 61). A large variety of primary alcohols was reacted 
with primary and secondary amines under the oxidative conditions to yield the 
desired amides in good to excellent yields. When optically active amines were 
employed, no racemization was observed. The recycling of the catalyst was 
shown to be possible, but it had to be reactivated by a heat treatment to restore 
its activity.

3.3.6.2  Oxidation of CN bonds

Kidwai and Bhardwaj showed that nanocrystalline titanium dioxide (nano-TiO2) 
can be used for the oxidation of amines to oximes using H2O2 as an oxidant.107 
The reaction was performed in MeOH as solvent and several benzylamines and 
aliphatic amines were transformed to the corresponding oximes in good yields 
(Scheme 62). The catalyst could be recycled in four consecutive runs without 
losing its activity.

The photocatalytic oxidation of amines to nitriles was demonstrated by 
the groups of Wang and Zheng using an alumina-supported heterogeneous 
ruthenium catalyst (Ru/γ-Al2O3).

108 Using a xenon lamp as a light source 
in combination with O2 as the oxidant, a series of primary amines (benzylic 
and aliphatic) was converted to the corresponding nitriles (Scheme 63). 
Drawbacks of the presented methodology are that no information is given 
about the recyclability of the catalyst and that trifluoromethylbenzene was 
used as a solvent.

SCHEME 61  Amide formation by oxidative coupling of alcohols and amines with a gold nanopar-
ticle catalyst.

SCHEME 62  Oxime formation from primary amines catalyzed by nanocrystalline TiO2.
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Choudary et  al. used tungstate exchanged layered double hydroxides 
(LDH-WO4) as catalysts for the oxidation of secondary amines to nitrones.109 
The reactions were performed with H2O2 as an oxidant in water as a green sol-
vent. The desired products were obtained in excellent yields with the exception 
of dibenzylamine (Scheme 64). The catalyst could be reused six times without 
a significant drop in yield.

In addition to secondary amines the LDH-WO4 catalyst could also be used 
for the oxidation of tertiary amines to the corresponding N-oxides.110 The 
obtained yields were excellent for a variety of symmetric and nonsymmetric 
substrates (Scheme 65). As for the oxidation of secondary amines the cata-
lyst was shown to be recyclable six times without showing any significant 
decrease in yield.

Török et al. reported that the use of the commercially available K-10 mont-
morillonite can facilitate the oxidative coupling of benzylic amines to imines 

SCHEME 63  A photocatalytic oxidation of primary amines to nitriles catalyzed by aluminum 
oxide-supported ruthenium.

SCHEME 64  Formation of nitrones by tungstate-exchanged layered double hydroxides-catalyzed 
oxidation of secondary amines.

SCHEME 65  Application of tungstate-exchanged layered double hydroxides as catalysts for the 
oxidation of tertiary amines to N-oxides.
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with different aliphatic, benzylic, and aromatic amines.111, 112 The reaction does 
not require the use of a solvent and is performed under microwave irradiation 
giving the desired products in good to excellent yields and short reaction times. 
While benzylamines and anilines as coupling partners gave the products in high 
yields, lower yields were obtained in the case of aliphatic amines (Scheme 66).

Venugopal and co-workers used a copper-containing molecular organic 
framework (Cu-BTC MOF) as a catalyst for the oxidative coupling of benzyl-
amines.113 The reaction proceeded without the use of any solvent and generated 
either the product of self-coupling or in the case aniline is added the coupling 
with aniline is observed (albeit with lower yield, Scheme 67). The catalyst could 
be reused in five cycles with consistent product yield and the copper content of 
the catalyst did not decrease during the reaction indicating that no metal leach-
ing took place.

SCHEME 66  The synthesis of imines via the oxidative coupling of benzylamines and other pri-
mary amines catalyzed by montmorillonite K-10.

SCHEME 67  The solvent-free oxidative coupling of benzylamines and formation of imines using 
a copper-containing metal-organic framework as a catalyst.



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

Heterogeneous catalytic oxidations  Chapter | 3.3  263

Chen et al. reported that the same reaction can be performed with manga-
nese oxide (M-4) as a catalyst.114 The reaction is performed in toluene as the 
solvent and uses air as the oxidant. The products are obtained in excellent yield 
and selectivity (Scheme 68). The recycling of the catalyst was possible with a 
slightly reduced selectivity.

The research group of Suib showed that the same transformation can be 
performed with Cs-doped manganese oxide (Cs/MnOx).

115 As described by 
Chen et  al.114 the reaction was performed in toluene with air as an oxidant. 
Recyclability of the catalyst was investigated in four cycles, although after prior 
reactivation of the catalyst.

The group of Rostamizadeh used an ionic liquid immobilized on α-Fe2O3-
MCM-41 as a catalyst for the synthesis of quinazolin-4(3H)-one derivatives from 
isatoic anhydride, primary amines, and aromatic aldehydes or halides.116 The mul-
ticomponent reaction forms the desired products with different substitution pat-
terns in high to excellent yields and includes the oxidation of a CN single bond 
to a CN double bond as one step during the catalytic cycle (Scheme 69). The 
catalyst was shown to be reusable three times with a slight loss in product yield.

3.3.7  Dehydrogenation and aromatization of CC 
and CX bonds

The transformation of a CX single-bond into a CX multiple-bond (X = 
C, N, O) via dehydrogenation is another important transformation in organic 
chemistry as it allows the introduction of a new functional group in a formerly 

SCHEME 68  Homo-coupling of benzylamines toward imine formation using a manganese oxide 
catalyst.

SCHEME 69  The synthesis of quinazolin-4(3H)-ones via a multicomponent reaction catalyzed by 
an ionic liquid immobilized on iron oxide-MCM-41.
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non- or low-functionalized molecule. In the following examples we will fo-
cus on dehydrogenation reactions leading to a new conjugated multiple bond 
systems. Dehydrogenations that form isolated double bonds have been treated 
earlier in the Section 3.3.6.

Heravi et  al. used a manganese complex anchored on a MCM-41 
nanoreactor as a catalyst for the formation of pyridines from Hantzsch 
1,4-dihydropyridines.117 The authors used two slightly different systems to 
achieve the transformation with equally good results (Scheme 70). The desired 
products were obtained in high to excellent yields and the catalyst was shown 
to be recyclable with only a minor drop in yield. While the reaction could 
be performed without solvent, the use of acetic acid was able to substantially 
shorten the reaction times.

The synthesis of pyridines was also achieved by the group of Török using 
a bifunctional Pd/C/K-10 catalyst.118 Using a multicomponent reaction and a 
domino cyclization-aromatization approach the desired products were obtained 
in good yields from ethyl acetoacetate, ammonium acetate, and substituted al-
dehydes (Scheme 71). The reaction was performed without the use of a solvent 
under microwave conditions allowing for short reaction times.

Kulkarni et  al. used the same catalytic system for the synthesis of β-
carbolines from tryptamines and aromatic aldehydes through a condensation-
cyclization-aromatization sequence.119 Similar to the above described protocol 
(Scheme 71), no solvent is needed and the use of microwaves allows for the 
formation of the desired products in good to excellent yields within short reac-
tion times (Scheme 72).

SCHEME 70  The aromatization of 1,4-dihydropyridines catalyzed by an MCM-41-anchored 
manganese complex.

SCHEME 71  Using a bifunctional Pd/C/K-10 catalyst in the three-component formation of pyridines.



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

Heterogeneous catalytic oxidations  Chapter | 3.3  265

In a different study the same group could show that pyrazoles can be pre-
pared by a tandem cyclization-dehydrogenation approach using Pd/C/K10.120 
Chalcones and hydrazones function as starting materials for the transformation 
giving the desired products in excellent yields under microwave-assisted condi-
tions (Scheme 73). Other supported metals, such as Ni or Cu nanoparticles were 
also found to be effective in such tandem reactions that include oxidative steps.121

Kulkarni and Török showed that the use of palladium was not necessary for 
the formation of quinolines in a cascade reaction including an aromatization 
step.122 Applying K-10 montmorillonite only as the catalyst under microwave 
conditions, the authors were able to achieve quinoline formation in a variation 
of the A3 reaction. The products were obtained in high to excellent yields with 
a variation of aromatic starting materials (Scheme 74).

SCHEME 72  Synthesis of β-carbolines with a bifunctional Pd/C/K-10 catalyst.

SCHEME 73  Application of the Pd/C/K-10 bifunctional catalytic system for the synthesis of 
pyrazoles.

SCHEME 74  Montmorillonite K-10-catalyzed variation of the A3-reaction to form quinolines.
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Zhou et al. used a Ni-Mn layered double hydroxide (Ni2Mn-LDH) for the 
dehydrogenative aromatization of 1,2,3,4-tetrahydroquinolines, thus generating 
quinolines.123 A variety of substituted tetrahydroquinolines was successfully 
oxidized with varying yields (Scheme 75). Although the authors could show 
that no apparent metal leaching took place, the recyclability of the catalyst is 
limited as prolonged reactions times are needed to achieve reasonable conver-
sions when reusing the catalyst. Another drawback of the method is the use of 
mesitylene as solvent.

Zhang and co-workers used nitrogen-doped carbon-supported cobalt nanopar-
ticles (Co/MC) for the dehydrogenation of 1,2,3,4-tetrahydroquinolines.124 The 
desired products were obtained in high yields with acetonitrile as a solvent under 
O2 atmosphere (Scheme 76). Reusing the catalyst was possible five times main-
taining almost identical yield and selectivity.

Manganese oxide octahedron molecular sieve doped with sodium phospho-
tungstate (2 [PW]-OMS-2) was used by Bi et  al. for the dehydrogenation of 
tetrahydroquinolines in addition to some other N-heterocycles.125 The reaction 
was performed in dichloromethane as the solvent and O2 atmosphere was ap-
plied as the oxidant. A variety of substituted quinolines could be produced in 
mainly high yields using this methodology (Scheme 77). Other N-heterocycles 
that were synthesized by dehydrogenative aromatization using this protocol in-
cluded quinazolines, indoles, or pyridines.

Beller and his co-workers developed an iron-nitrogen doped graphene core 
shell catalyst (FeOx@NGr-C) for the dehydrogenation of tetrahydroquino-
lines.126 The catalyst performed well for a variety of different substituted start-
ing materials and recycling of the catalyst was possible four times before a 

SCHEME 75  Nickel-manganese layered double hydroxides as catalysts for the aromatization of 
1,2,3,4-tetrahydroquinolines.

SCHEME 76  Aromatization of 1,2,3,4-tetrahydroquinolines with carbon-supported cobalt 
nanoparticles.
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notable drop in yield was observed (Scheme 78). Oxygen from air was suf-
ficient to reoxidize the catalyst. Drawback of the method is the use of the non-
green solvent heptane.

Gu, Cao, and their group reported the dehydrogenation of tetrahydroquino-
lines with Pt nanowire in their report as a proof of concept but only one basic 
example is given as their focus was on hydrogenation reactions.127

Iosub and Stahl also put their focus on the aromatization of tetrahydroquino-
lines but in addition, they investigated the reactivity of other N-heterocycles, 
as well.128 The authors used cobalt oxide supported on nitrogen-doped carbon 
(Co3O4-NGr/C) as the catalyst in methanol as a solvent and molecular oxy-
gen as the oxidant. Besides quinolines (Scheme 79), the study showed that qui-
noxalines, indoles, pyridines, and imidazoles could also be synthesized by this 
method.

The oxidative dehydrogenation of different N-heterocycles on Na-doped 
manganese oxide (Na-AMO) catalyst was achieved by Tang et al.129 The system 
uses a catechol derivative (Q-2) as a co-catalyst in water as a solvent and oxygen 

SCHEME 77  Tungstate on manganese oxide molecular sieves-catalyzed aromatization of tetrahy-
droquinolines to quinolines.

SCHEME 78  Formation of quinolines catalyzed by iron-nitrogen-doped graphene.

SCHEME 79  Cobalt oxide supported on nitrogen-doped carbon catalyzed aromatization of 
tetrahydroquinolines.
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as the reoxidizer. Quinolines, quinazolines (Scheme 80), β-carbolines, and pyri-
dines were all successfully obtained under the reaction conditions. Recycling 
tests showed that the catalyst can be reused eight times with only a slight de-
crease in yield.

Mullick et al. used mesoporous manganese oxide (meso MnOx) for similar 
transformations.130 Quinolines, indoles (Scheme 81), quinoxalines, and pyri-
dines were obtained in good to excellent yields. The reactions were performed 
under air atmosphere using DMF as the solvent. Recycling of the catalyst was 
possible four times without loss in yield and selectivity, although the catalyst 
was reactivated by heating to 250°C before reusing.

Mizuno’s group showed that cyclohexanone oximes are suitable starting 
materials for the synthesis of anilines by oxidative aromatization.131 The cata-
lyst was Pd supported on a Mg-Al layered double hydroxide (Pd(OH)x/LDH). 
N,N-dimethylacetamide (DMA) was used as the solvent under argon atmo-
sphere. Reusing of the catalyst was possible five times with unchanged results. 
Substrates with different electron-donating and -withdrawing substituents were 
readily aromatized in high yields (Scheme 82). The authors could also show that 
the one-pot reaction starting from the ketone in the presence of hydroxylamine 
was possible.

SCHEME 80  The synthesis of quinazolines via Na-doped manganese oxide-catalyzed 
aromatization.

SCHEME 81  Aromatization of 2-methylindoline catalyzed by a mesoporous manganese oxide.

SCHEME 82  Oxidative aromatization of oximes using a supported palladium catalyst.
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3.3.8  Conclusions and outlook

The examples given in this chapter show that there is an increase in interest 
that brought significant progress in the application of heterogeneous oxidation 
catalysts to develop processes that adhere to the principles of green chem-
istry. Although there are many examples of using catalytic (metal)centers 
that are traditionally employed as oxidation catalysts in a more environmen-
tally friendly form (i.e., immobilized manganese) there are also promising 
examples using naturally occurring materials (i.e., montmorillonite clays) in 
oxidative transformations. While this is an encouraging path to follow it is 
also obvious that the field is just at the beginning of this gradual change and 
there are still many challenges to solve. Several examples shown in this work 
are a step in the right direction, but do not yet fully comply with the recom-
mendations of green and sustainable chemistry and engineering principles. 
They often have a limited substrate scope and the issue of chemoselectivity, 
when there are more than one oxidation sensitive groups present, is barely 
addressed. Future development in the field will likely continue to follow the 
path outlined and find solutions for the before mentioned problems to allow 
the broader application of these methods in synthetic organic chemistry and 
industrial applications.
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Chapter 3.4

Metathesis by heterogeneous 
catalysts

3.4.1.  Introduction

Metathesis constitutes a group of reactions during which unsaturated carbon-
carbon bonds are rearranged, thus creating new carbon-carbon multiple bonds 
and/or breaking existing carbon-carbon bonds in the presence of a metal cat-
alyst. The bond cleavage and bond forming processes are highly energy de-
manding, particularly those of the carbon-carbon bond, one of the most stable 
chemical bonds. Therefore the discovery of a method that could promote the 
formation of carbon-carbon bonds under mild conditions was a breakthrough 
in organic chemistry. The first catalyst capable of initiating alkene metathesis 
was discovered by Ziegler in 1952 while he was working on the oligomeriza-
tion of ethylene and observed the formation of 1-butene.1 However, the Ziegler 
catalyst exhibited poor tolerance toward the polar functional group containing 
substrates that are incompatible with the strong Lewis acid and alkylating prop-
erties of the metal complexes.1 Later, more versatile catalysts, the metal alkyli-
dene complexes, were introduced by Grubbs, Chauvin, and Schrock opening 
up an avenue of new applications in the field of metal-catalyzed reactions. As 
an evidence of the importance of their discovery, they were awarded the Nobel 
prize in chemistry in 2005.2–4 Extensive studies led to several generations of 
catalyst with the tungsten or molybdenum alkylidene complexes developed by 
Schrock and coworkers5 as well as the ruthenium carbene complexes developed 
by Grubbs and coworkers6 being the most widely used. One of the remarkable 
industrial applications of olefin metathesis is the solvent-free transformation 
of seed oils to compounds that can serve as renewable sources replacing the 
petroleum-based products.3

Mechanistic studies led to a generally accepted reaction mechanism, also 
called the Chauvin mechanism, involving a series of metallocyclobutanes and 
carbene complexes.7 In regard to the Hoveyda-Grubbs catalyst, one of the most 
versatile olefin metathesis catalyst, a so-called release-return (or boomerang) 
mechanism is believed to be involved. In the initiation step, the ligand 2-(isop-
ropoxy)benzylidene dissociates from the metal complex and after the metathesis 
reaction, the released 2-(isopropoxy)styrene reacts back with the unstable 14 e− 
ruthenium species to recreate the precatalyst.8
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The numerous advantages of metathesis include: (i) low catalyst loading 
(typically between 1 and 5 mol%), (ii) high yields under mild conditions and 
relatively short times, (iii) tunable selectivity of the reaction depending on the 
catalyst employed, (iv) high substrate tolerance, (v) good atom economy.9 In 
combination with heterogeneous catalysis, metathesis reactions are further im-
proved by making possible the recyclability and higher stability of the catalytic 
system as well as potential applicability in continuous flow systems.10 Due to its 
unambiguous benefits, metathesis reactions remain in the forefront of synthesis 
research and were frequently reviewed.1, 5, 9, 11–16

This chapter aims to review selected examples of metathesis in the con-
text of heterogeneous catalysis. The material will be discussed in five parts ac-
cording to the major types of metathesis: cross-metathesis, ring-opening and 
ring-closing metatheses, and alkyne metathesis; and an additional part will be 
dedicated to the conversion of biomass by metathesis-based transformations, 
a discussion that is particularly relevant in the current environmental context. 
It should be noted that due to the specificity of the catalysts employed for this 
reaction type, the literature about heterogeneous catalytic metathesis mostly uti-
lize the well-established metal complexes immobilized on solid supports.

3.4.2.  Cross-metathesis

Olefin cross-metathesis (CM) is defined as the intermolecular exchange of al-
kylidene moiety aided by a metal-carbene complex. Industrial applications of 
cross-metathesis, underscoring its importance, include the Shell Higher Olefin 
Process producing linear α-olefins and the Phillips Triolefin Process producing 
propylene in large scale.7 The earlier developed molybdenum-based catalysts 
were highly active for CM but lacked functional group tolerance. The second 
generation of catalysts now combines high activity with high substrate tolerance 
allowing their broad application for multiple CMs.7 Given the price of ruthenium 
and the need for product purity, the efficient separation of the catalyst from the 
reaction mixture and its recycling are of key importance. Although the recy-
cling of these catalysts has already been explored using chromatography due 
to their sufficient stability, the process requires organic solvent and generates 
significant amount of waste.17 A simpler way to allow the recovery and reuse 
of these catalysts is to graft them onto solid supports and use a simple filtration 
as a separation. While the immobilization of homogeneous catalysts sometimes 
results in at least partial loss of activity, some methods reported efficient immo-
bilized catalysts that retained their full potential after immobilization.

The Hoveyda-Grubbs catalysts and their derivatives are among the most em-
ployed catalysts for the adaptation of CM into heterogeneous systems. Multiple 
supports have been employed and involve either covalent or noncovalent bond-
ing depending on the nature of the support and the method of preparation. The 
wide range of available immobilized Hoveyda-Grubbs catalysts offers different 
activity, stability, and recyclability profiles.
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Silica-supported catalysts have been studied extensively. For instance, the 
second generation Hoveyda-Grubbs catalyst was immobilized on silica. It was 
prepared in a straightforward method either using silica pellets or silica powder 
in one step, and was efficient for various CM reactions and the products ob-
tained revealed very low Ru contamination (ppb level) (Scheme 1).18 A continu-
ous flow reaction further demonstrated the robustness of the catalyst. Although 
the anchoring mechanism was not fully elucidated, it was suggested that the 
catalyst was attached to the surface of silica via ligand exchange.

A more complex catalyst structure derived from the Hoveyda-Grubbs cata-
lyst, possessing an anthracene group linked to the N-heterocyclic carbene moi-
ety of the Ru complex, was immobilized by charge-transfer interactions to a 
2,4,7-trinitrofluoren-9-one-grafted on passivated silica.19 The resulting solid 
catalyst was active in the CM of but-3-en-1-yl benzoate with butyl acrylate 
(Scheme 2). It was recyclable in three cycles after which deactivation was ob-
served; the support, however, could be washed and used for another three cycles 
after loading a new batch of fresh catalyst.

An interesting study by Michalek et al. compared the activity of Hoveyda-
Grubbs catalyst when bound to different supports.20 The metal complex was 
covalently attached via an amide bond to four selected supports: a hybrid 
polymer-silica support, HypoGel400 which is a polystyrene, bearing oligo-
meric units, PEGA—a poly(acrylamide) interspaced with poly(ethylene glycol) 
units, and Trisoperl—an aminopropylated silica gel. It was reported that the 

SCHEME 1  Heterogeneous catalytic cross-metathesis using a silica-supported Hoveyda-Grubbs 
catalyst.

SCHEME 2  Heterogeneous catalytic cross-metathesis using a silica-supported anthracene-tagged 
Ru complex.
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performance of the catalysts was highly dependent on the nature of the solid 
support employed. The hybrid silica-based material successfully catalyzed 
the CM reaction of substituted aromatic alkenes and provided the best results 
(Scheme 3). It should be noted that low catalyst leaching was observed.

Noncovalent immobilization of a Hoveyda-Grubbs catalyst analog was also 
achieved by means of electrostatic binding after introduction of amino groups 
and subsequent treatment with sulfonated polystyrene (Scheme 4).21 For in-
dustrial application purposes, the polymerization process could be carried out 
inside porous Raschig glass rings, protecting the polymeric phase from me-
chanical stress. In addition, the rings allowed easy removal of the solid phase. 
The homo CM of alkenes was successfully achieved and yielded 95% product.

An ammonium-tagged NHC ligand bound to the catalytic complex depos-
ited on various supports provided interesting properties depending on the nature 
of the solid support (Scheme 5).22 Both organic and inorganic supports were 

SCHEME 3  Heterogeneous catalytic cross-metathesis 4-methoxy-styrene on a hybrid silica-
supported Hoveyda-Grubbs catalyst.

SCHEME 4  Heterogeneous catalytic cross-metathesis of long chain alkenes by a sulfonated 
polystyrene-supported Hoveyda-Grubbs catalyst.
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considered, including activated carbon, silica, alumina, cotton, paper, and mag-
netic nanoparticles. The most efficient immobilized catalysts were found to be 
silica and charcoal-supported Ru complexes. While the iron powder-supported 
counterpart was slightly less effective, it allowed for easy recovery upon appli-
cation of a magnet, an important feature worth considering when taking separa-
bility and recyclability into account.

The same Ru complex was also successfully encapsulated within yolk-shell 
structured silica.23 Excellent activity was observed due in part to the combina-
tion of a hollow structure in the core and the microporous permeable shell. The 
CM of various aromatic alkenes was achieved in high yields under mild tem-
perature (Scheme 6). In addition, the catalyst was recovered and recycled for 
eight consecutive reactions. The preparation of yolk-shell structured mesopo-
rous silica as well as the encapsulation of the catalyst required minimal amount 
of toxic chemicals, involved moderate temperatures, and were completed in a 
reasonable timeframe. Thus the yolk-shell structure silica scaffold appears to be 
a promising material to produce solid catalyst from the homogeneous form of 
metal complexes.

SCHEME 5  Cross-metathesis catalyzed by a Ru complex bearing a quaternary ammonium-tagged 
NHC ligand supported on charcoal.

SCHEME 6  Cross-metathesis reaction of various aromatic alkenes over the yolk-shell structure 
silica-encapsulated Ru catalyst.
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The search for efficient metathesis catalysts in protic solvents such as 
water has not been a priority; it is however much needed in carbohydrate 
chemistry. The insolubility of phosphine-free ruthenium alkylidene com-
plexes was overcome by their immobilization on hydrophilic support with 
the PEGA-NH2 resin displaying interesting swelling properties. It consists of 
amino functionalized dimethyl acrylamide and mono-2-acrylamidoprop-1-yl 
polyethyleneglycol and has been found to effectively catalyze CM of terminal 
alkenes (Scheme 7).24

There are several other types of catalysts that were subject to immobiliza-
tion such as Mo, Re, Tn, and Zr-based complexes. For instance, the Schrock 
molybdenum-based carbene complex was immobilized on mesoporous mo-
lecular sieves MCM-41 via a ligand exchange reaction with hydroxyl surface 
groups (Scheme 8).25 The heterogeneous catalyst was resistant toward metal 
leaching and could easily be separated from the reaction mixture. It demon-
strated high activity and selectivity in the metathesis of 1-heptene under neat 
conditions, comparable to the performance of the homogeneous parent cata-
lyst. It should be noted however that the preparation of the catalyst involved 
significant amount of benzene, a solvent that should be avoided due to its well-
known toxicity.

SCHEME 7  Heterogeneous catalytic cross-metathesis of terminal alkenes promoted by PEGA-
supported Ru catalyst.

SCHEME 8  Heterogeneous catalytic cross-metathesis by a MCM-41 anchored molybdenum-
based Schrock catalyst.
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Another common strategy to immobilize homogeneous catalysts is to 
graft the metal complex to silica or alumina via direct covalent bond be-
tween the metal and metal oxide. The grafting of a tungsten-based complex 
on alumina proved to be highly efficient to perform the uncommon alkane 
metathesis of propane (Scheme 9).26 The catalyst also provided good prod-
uct selectivity in favor of ethane. It was proposed that alkane metathesis 
proceeded via carbene and metallacyclobutane intermediates. The same 
group later further extended these investigations to a comparative study 
with alumina and silica-supported tungsten-based Schrock catalyst, report-
ing similar observations in greater details.27, 28 In addition, in a follow-up 
investigation, a partially dehydrated (at 700°C) silica-supported tungsten-
imido carbene complex was found to be a well-defined heterogeneous al-
kene metathesis catalyst.29 It was characterized by mass balance analysis, 
IR and 1H and 13C-MAS NMR spectroscopies, EXAFS, as well as DFT 
calculations. The performance of the catalyst was reported to be excellent 
in the cross-metathesis of propene, providing a TON of 16,000 in a 100 h 
reaction and only a slow deactivation of the catalyst was observed.30 A re-
lated study describes the characterization of such surface-anchored organo-
metallic complex-based catalysts via resolution enhancement in 1H solid 
state NMR spectroscopy.31 Later it was found that the introduction of bulky 
2,6-diadamantylaryloxy ligands stabilized the immobilized complex and the 
improved catalyst was able to produce over 75,000 TON when ethylene was 
continuously removed from the system.32 Further characterization of these 
silica-supported catalysts was carried out by the combination of solid state 
NMR spectroscopy and DFT calculations.33, 34

Hamzaoui et  al. reported the use of silica-supported zirconium-imido 
complexes to catalyze the little known heterogeneous imine metathesis using 
the metal/metal oxide bonding strategy (Scheme 10).35 The reaction of the 
complex with an imine resulted in the exchange of the imide/imine groups 
leading to the metathesis products. The catalyst could be recycled for several 
cycles; however, it required a washing and vacuum drying steps in between 
each cycle.

SCHEME 9  Heterogeneous catalytic propane metathesis by an alumina-supported W complex.
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Highly active heterogeneous metathesis catalysts based on Re, W, or Mo com-
plexes were grafted on silica with a similar strategy relying on surface organo-
metallic chemistry.36–39 Mixing SiO2–700 and the Re(CBu-t)(CH Bu-t)(CH2Bu-t)2 
complex in pentane for 2 h at ambient temperature afforded the immobilized cata-
lyst after washing the compound obtained and drying it under vacuum.38 Similar 
Mo and W heterogeneous catalysts were prepared by substituting the hydroxyl 
groups of silica by hydroquinone moieties via a simple two-step synthesis from 
a tungsten perhydrocarbenyl and molybdenum bispyrrolide alkylidene complex 
and SiO2–700 as precursors as well as other inexpensive and readily available re-
agents.39 The solid catalysts, depicted in Fig. 1, were highly active for the metath-
esis of propene. The Re-based catalyst achieved equilibrium within less than an 
hour in presence of 500 equivalent of propene.38 The other two catalysts contain-
ing a phenolic spacer between the active metal center and the surface of silica 
showed enhanced stereoselectivity toward the (Z)-isomer and improved catalytic 
activity compared to the homogeneous counterparts.39 A similar series of catalysts 
was prepared by using tungsten-imido-carbene complexes immobilized on silica 
that was partially dehydroxylated at significantly lower temperature (200°C)40 as 

SCHEME 10  Heterogeneous catalytic imine metathesis by a silica-supported Zr catalyst.

FIG.  1  Heterogeneous catalysts for olefin metathesis prepared via surface organometallic 
chemistry.
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compared to some earlier examples.30, 39 This process led to the expected digrafted 
carbene species, as well as to the monografted carbene complex and to a bis-
neopentyl surface species as determined by IR-, 1D and 2D solid state NMR spec-
troscopies, elemental analysis, and molecular models. The grafting mechanism, 
used during the preparation of these silica-supported Mo complex catalysts, and 
their activity in olefin metathesis were also studied.41

In an interesting mechanistic study, Salameh et  al. described a simple 
alumina-supported Re(VII) oxide catalyst (Re2O7/Al2O3) that efficiently catalyzed 
the metathesis of several alkenes, including the self-metathesis of (Z)-stilbene, 
and its CM with ethylene. It was observed that the initiation of the reaction did not 
necessitate an allyl positioned CH bond. In the CM reaction of (Z)-2-butene with 
di-13C-ethylene the ratio of the active sites of the catalyst was also determined.42

Wu et  al. reported the preparation of catalysts based on tungsten- and 
niobium-complexes, grafted on mesoporous silica (KIT-6) by a one-pot sol-gel 
method (Table 1, entry 1).43 When applied to the CM of butene and ethylene, 
the highest yield of propene was obtained with a tuned metal composition of 
20 wt% tungsten and 1 wt% niobium. The reaction was performed at 450°C un-
der 1 atm. It was demonstrated that the incorporation of Nb contributes to an 
optimum dispersion of W species on the surface of the catalyst and forms new 
active site precursors (O =)2W(OSi)(ONb). Interestingly, a significant effect of 
the ONb moiety on the electronic environment around the tungsten atom was 
also observed, which played a role in the OWO bond angle correlated to en-
hanced yield of propene. The performance of the catalyst in this work surpassed 
the results obtained in a previous study reported by the same group45; however, 
it did not match the results of a similar method employing WO2/SiO2 synthe-
sized via an impregnation/calcination approach (Table 1, entry 2).44 The yield 
of propene was in fact superior, and the reaction was performed at significantly 
lower temperature but significantly higher pressure.

TABLE 1  Synthesis of propene via olefin CM catalyzed by heterogeneous 
tungsten-based catalysts.

Entry Catalyst/conditions Yield Ref.

1 W10Nb1-KIT-6, 450°C, 1 atm 70 43

2 WiO2/SiO2 (8 wt%), 200°C, 29 atm 80 44
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3.4.3.  Ring-closing metathesis

Ring-closing metathesis (RCM), one of the major metathesis types involving 
a diene treated with a metal alkylidene complex, was first exploited in organic 
synthesis by Tsuji for the synthesis of macrocycles.46 Although the yields ob-
tained in this study were low, advances in catalyst development allowed the 
achievement of both high yields and good tolerance toward multiple functional 
groups rendering RCM a useful and popular strategy for the preparation of mul-
tiple heterocycles including the synthesis of natural products.46 However, the 
pathway leading to the RCM products is often in competition with a second 
pathway forming polymeric adducts.

Similarly to the heterogeneous catalytic CM, the most commonly used het-
erogeneous catalysts are immobilized Hoveyda-Grubbs Ru complexes. The 
supports employed include silanol functionalized silica,47 fluorous silica gel,48 
sulfonated silica,49 mesoporous molecular sieves SBA-15,50–52 SBA-153 and 
MCM-41,54 mesocellular siliceous foam,55 MOFs,56–59 or PEGA resin.24 While 
supported Hoveyda-Grubbs Ru catalysts generally exhibit somewhat similar 
activities, their recyclability, stability, as well as their method of preparation 
substantially vary. Examples of RCM catalyzed by such solid catalysts are sum-
marized in Table 2. Due to the wide variety of reactants employed and resulting 
products, a few examples, selected according to the performance, will be pre-
sented for each study.

Silica-based mesoporous materials have been widely used as support for the 
Grubbs-type catalysts mainly due to the high affinity of silica toward the Ru 
complexes, the large surface area of the materials, and their ordered structure 
that can easily accommodate metal complexes. The nature of the silica-based 
support, its pore size, as well as the type of bonding involved in the immobiliza-
tion influence the activity, the recyclability, and the metal leaching of the cata-
lyst. Direct immobilization of the Ru complex on silica by simple impregnation 
resulting in hydrogen bonding between the ligand of the phenyl group of the 
metal complex and the silanol is a possible approach (Table 2, entry 1).47 An 
enhanced reactivity was observed in presence of the support compared to the 
homogeneous system. In addition, the immobilized catalyst could be recycled 
in five runs while retaining more than 80% of its original activity. Michalek 
et al. reported a noncovalent fluorous silica gel catalyst, prepared by mixing the 
fluorinated ligand with the metal complex before purification and immobiliza-
tion. The resulting catalytic material was highly active for the RCM of vari-
ous substrates (Table 2, entry 2). It was subjected to an interesting reactivation 
method involving a solvent switch (methanol/water) to reattach the catalyst to 
the fluorous material which allowed recovery by filtration and reuse in further 
three cycles.48 Sulfonated silica as a support for a pyridinium-tagged Hoveyda-
Grubbs-type catalyst formed a highly active metathesis catalyst as well (Table 2, 
entry 3).49 Further modification with an oxazine-benzylidene ligand provided 
steric and electronic activation which translated into improved reaction rates. 
Although the steps involved in the synthesis of the catalyst afforded high yields, 
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TABLE 2  Heterogeneous catalytic ring-closing metathesis by immobilized Hoveyda-Grubbs-type catalysts.

Entry Reactants Products Catalyst/conditions Yield (%) Ref.

1 R1=

R2 = 

CH2Cl2, RT, 45 min

89–96 47

2 R1=

R2 =
 Si(CH2CH2C8F17)3
CH2Cl2, 60°C, 2 h

98 48

Continued
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3

CH2Cl2, RT, 1–5 h

79–86 49

4 R1 =

R2 =

@SBA-15
CH2Cl2, 38°C, Ar atmosphere

92–93 50

TABLE 2  Heterogeneous catalytic ring-closing metathesis by immobilized Hoveyda-Grubbs-type catalysts—cont’d

Entry Reactants Products Catalyst/conditions Yield (%) Ref.
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5 R1 =

@SBA-15 or MCM-41
Toluene, 20–80°C, 1–5 h, Ar atmosphere

50–85 51

6

R1= 

R2=

@SBA-15
Toluene, 30–80°C, 5 h

90–93 52

7 R1 =

@SBA-1

Hexane, 25°C

90–99 53

Continued
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8 R1=

R2=
CH2Cl2, RT-80 ºC, 24 h

98 54

TABLE 2  Heterogeneous catalytic ring-closing metathesis by immobilized Hoveyda-Grubbs-type catalysts—cont’d

Entry Reactants Products Catalyst/conditions Yield (%) Ref.
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9 R1 =

R2 =

CH2Cl2, 50°C, 30–90 min

91–99 55, 60

10 R1 =

R2

Entrapped in MOF “MIL-101-NH2(Al)”
CH2Cl2, RT, 24 h, Ar atmosphere

98 56

Continued
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11 R1=

@(Cr)MIL-101 SO3
− Na+ MOF

Dimethyl carbonate, 50°C, 24 h

93–99 57

12 R1=

@(Cr) MIL-101-SO3H MOF
dimethyl carbonate, RT, 24 h

99 58

TABLE 2  Heterogeneous catalytic ring-closing metathesis by immobilized Hoveyda-Grubbs-type catalysts—cont’d

Entry Reactants Products Catalyst/conditions Yield (%) Ref.
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13

@MOF
Toluene, 50°C, 24 h

86–95 59

14 R1=

R2=

Methanol or water, RT-45°C, 12 h

71–96 24
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multiple reagents and organic solvents were employed. It is worth noting that 
upon immobilization of the precatalyst onto a silica-based cationic-exchange 
resin, a flow system could be generated. Both the batch and flow systems showed 
similar leaching profiles ranging from low to moderate. The recyclability of the 
catalyst was sufficient under batch conditions; it was proved, however, inef-
ficient under continuous flow conditions, questioning the utility of the catalyst 
in fixed-bed systems. Other silica-based mesoporous materials SBA-15, with 
variable pore size, served as a support for the Grubbs-type catalysts (Table 2, 
entry 4).50 The activity of the supported metal complex was highly dependent 
on the porosity of the support. The highest activity occurred with the largest 
pore sizes due to a better diffusion of the reactants and products. Increased pore 
size also coincided with shorter reaction times and greater number of recycling 
attempts (up to nine). In regard to the catalyst preparation, several steps were 
required to achieve functionalization of the support with amino groups followed 
by the immobilization of the metal complex under controlled atmosphere and 
moderate temperatures. Another modified Hoveyda-Grubbs catalyst supported 
on silica and siliceous mesoporous molecular sieves entailed a simple deposi-
tion of the homogeneous catalyst by addition to a suspension of precalcined 
support (Table 2, entry 5).51 In contrast, the preparation of the catalyst itself was 
performed using multiple reagents and organic solvents to afford the Ru com-
plex bearing a polar quaternary ammonium group in the N-heterocyclic ligand. 
The highest activity was obtained with SBA-15 as a support and in presence 
of chloride-containing counter ions. The effect of the pore size corroborated 
with the aforementioned studies. A different version of the catalyst, bearing 
2,6-diisopropylphenyl group as a substituent in lieu of 2,4,6-trimethylphenyl 
(Mes), was shown to improve the stability of the immobilized metal complex as well  
as its recyclability.61 It is noteworthy that the developed heterogeneous catalysts 
could be used in a tube-in-tube reactor under continuous flow mode.62 The inno-
vative flow system allows the removal of ethylene as it is produced thanks to a 
vacuum pump connected to the apparatus. Because ethylene is believed to have 
a negative influence on the catalytic activity, the tube-in-tube system constitutes 
a better scale-up option than the usual fixed-bed system where the catalyst suf-
fers from the accumulation of ethylene. Pastva et al. also selected SBA-15 as the 
support for the first generation Hoveyda-Grubbs complex (Table 2, entry 6).51 In 
this study, the catalyst could easily be separated and reused; in addition, the Ru 
leaching was very low compared to other immobilized catalysts (below 0.4%). 
Immobilization of Grubbs-type catalyst onto the same type of mesoporous ma-
terials including SBA-15, MCM-41, and SBA-1 was described by Yang et al.53 
The immobilization of the Ru complex was achieved via a simple adsorption and 
led to a highly recyclable catalyst (Table 2, entry 7). SBA-1 was found to exhibit 
the largest adsorption capacity for the Ru complex. The deactivation of the cata-
lyst was observed only after eight consecutive reaction cycles. Interestingly, the 
leaching of the metal decreased from one cycle to another going from around 
1% in the first cycle to less than 0.5% for the following cycles while the yield 
remained consistent (98%–99%) until the seventh cycle. Elias et al. reported a 
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hybrid MCM-41/bis-silylated Ru prepared by a multiple step protocol involving 
a sol-gel method followed by the anchoring of the organic ligand on the solid 
support and finally the addition of the Ru moiety (Table 2, entry 8). Despite 
the tedious preparation method, the catalyst exhibited excellent recyclability.54 
Ruthenium-based metathesis catalysts immobilized on mesocellular siliceous 
foam (MCF) bearing large nanopores showed remarkable selectivity particu-
larly for the formation of macrocycles, greater than 20-membered rings, which 
was enhanced by increasing the pore size of the support (Table 2, entry 9).55 
Thus the synthesis of the supported Ru-based metathesis catalysts included the 
adjustment of the pore size by varying the temperature and adding ammonium 
fluoride, as well as the modification of 2-isopropoxystyrenyl ligand via click 
chemistry for covalent attachment to the silica wall surface. The recyclability 
of a similar immobilized catalyst was investigated in a different work, which 
reported good performances.63 It was also tested in circulating flow reactors and 
it exhibited good activity for substrates such as diethyl 2,2-diallylmalonate.60 
Further studies revealed that the in situ-generated ethylene contributed to the 
process of catalytic deactivation, thus impacting catalyst recyclability.

Similarly to silica-supported Hoveyda-Grubbs-type catalysts, the immobili-
zation of these homogeneous complexes on MOFs can be achieved by different 
approaches. Spekreijse et al. proposed the immobilization by mechanochemical 
means demonstrating the effect of the ball mill activation on the MOF structure 
ultimately breaking open and forming new bonds upon grinding together with the 
catalyst (Table 2, entry 10).56 This original grinding method could also be applied 
to the Zhan catalyst. The catalyst was however inactive after the first catalytic cycle. 
Choluj et al. reported a noncovalent immobilization of an olefin metathesis catalyst 
inside an MOF. The Hoveyda-Grubbs alkylidene catalyst bearing an ammonium-
tagged NHC ligand was immobilized on a robust Cr MIL 1SO Na� � � � �10 3  MOF 
(modified version of (Cr)MIL-101-SO3H in which H+ were replaced by Na+) via 
ion exchange (Table 2, entry 11).57 The remaining traces of water, used as a solvent 
during immobilization, were found to have a detrimental effect on the activity of 
the heterogeneous catalyst; thus a specially prepared MOF with sodium cations 
complexed by 15-crown-5 ether molecules allowed the use of methanol as an al-
ternative solvent. The resulting material exhibited high activity and selectivity in a 
wide range of solvents including polar solvents such as dimethyl carbonate, which 
is considered as a green solvent. In addition, the method can easily be scaled up and 
catalyst leaching is expected to be minimal as long as there are no other cations in 
solution that have a higher affinity with the sulfonic group of the MOF. The same re-
search group also reported the immobilization of amino-tagged Hoveyda-Grubbs-
type ruthenium catalyst inside Brønsted acidic (Cr) MIL-101-SO3H MOF by an 
acid-base reaction (Table 2, entry 12).58 The high acidity of the solid support was 
essential to provide a stable heterogeneous catalyst that essentially led ruthenium-
free products upon filtration. Here again, polar solvents such as dimethyl carbonate 
and 2-propanol could be employed. Furthermore, the immobilized catalyst showed 
higher activity that the unsupported counterpart and no acid-catalyzed side reac-
tions were observed. However, preliminary recycling studies revealed a gradually 
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decreasing activity. A third work authored by Choluj et al. focused on probing the 
heterogeneous boomerang effect employing ammonium-tagged Ru-benzylidene 
complexes on different supports including a MOF (Table 2, entry 13).59 A non-
covalent immobilization strategy was adopted so that both the precatalyst and the 
benzylidene ligand precursor were immobilized on the support close to each other 
with a sufficient flexibility to allow their subsequent coupling. The ammonium-
tagged styrene derivative (a precursor of benzylidene ligand) was employed as a 
doping agent in order to enhance precatalyst regeneration via release-return effect. 
Although the effect was indeed observed inside the solid support, it was found 
that nondoped systems gave better results in terms of turnover number. Despite an 
interesting mechanistic insight provided by the study, the approach seems to suf-
fer from a tedious catalyst synthesis, a mediocre catalyst recycling, and a limited 
substrate scope.

It should be noted that all reactions presented in Table 2 are performed 
with organic solvents except the Ru complex on PEGA resin that compar-
atively afforded inferior results, nonetheless remaining above 70% yield 
(Table 2, Entry 14).24 While for most examples presented, the immobilization 
of the catalysts did not impact their activity, the decrease of catalytic activ-
ity upon immobilization was observed in the literature such as the RCM of 
diethyl diallyl malonate catalyzed by the second generation Hoveyda-Grubbs 
complex directly attached to silica through covalent RuOSi bonds; a 50% 
activity decrease was noted compared to the homogeneous catalytic system 
(data not shown).64

A specific type of ring-closing metathesis is the ring-opening/ring-closing 
metathesis of cycloalkenes leading to large rings.65 The metathesis of cis-
cyclooctene was achieved with the aid of a heterogenized Hoveyda-Grubbs 
complex. The longevity and selectivity of the catalyst increased when perform-
ing the reaction under continuous flow conditions (Scheme 11). The optimum 
conditions obtained with MCM-41 as the support at 60°C led to a maximum 
of 75% conversion and 35% selectivity for the cyclic dimer, a range of small 
oligomers accounting for the other 65%. It must be noted that temperatures 
higher than 50°C caused the catalyst to become deactivated after short reaction 
times while lower temperatures such as 40°C preserved the catalytic activity for 
several hours but achieved lower conversion.

SCHEME 11  Heterogeneous catalytic ring-opening/ring-closing metathesis of cis-cyclooctene 
under continuous flow (CF) conditions with an immobilized Ru complex.
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In addition to the Hoveyda-Grubbs immobilized catalyst, other Ru-based cata-
lysts account for a large part of solid supported complexes in RCM. Here again, the 
solid supports used are the common mesoporous SBA-1566 and MCM-41,67 and 
the less common perfluoroglutaric acid derivatized polystyrene-divinylbenzene.68

In the case of the Ru-based complex grafted on mesoporous SBA-15, the 
immobilization prevented the decomposition of the catalyst and allowed its re-
cyclability while preserving high yields; after the fifth cycle a yield as high as 
95% was reported (Scheme 12).66

The MCM-41-supported Grubbs-type catalyst demonstrated high activity 
in the RCM of dienes (Scheme 13).67 Analysis with Raman spectroscopy con-
firmed the hypothesis postulating that a fraction of the catalyst is detached from 
the solid support during the metathesis reaction and is then recaptured by the 
free phosphine group after completion of the reaction.

Heterogenization of a Grubbs-Herrmann catalyst on a macroreticular 
poly(styrene-co-divinylbenzene) resin appears to be a viable option to catalyze 
RCM effectively (Scheme 14).68 The heterogeneous catalyst was found to be 
equally or more active than its homogeneous version.

SCHEME 12  Heterogeneous catalytic ring-closing metathesis by a silica-anchored Ru complex.

SCHEME 13  Heterogeneous catalytic ring-closing metathesis by MCM-41-supported Grubbs-
type catalyst.
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Finally, the activity of heterogeneous Mo complexes has been reported for 
the RCM of multiple dienes. Interesting studies described a synthetic approach 
that grafts chiral Schrock catalysts as well as Grubbs-Herrmann catalyst on 
polymeric, monolithic discs (Scheme 15).69, 70 The synthesis of the solid materi-
als proceeded through a surface derivatization of the support via ring-opening 
metathesis polymerization followed by the catalyst immobilization. Several 
washing steps with organic solvents were necessary to provide the ready to use, 
immobilized Mo complex. The advantage of the approach lies in the practicality 
of the disc-like nature of the heterogeneous catalyst that can be used in combi-
natorial chemistry, parallel synthesis, and high-throughput screening. However, 
despite excellent yields obtained for the RCM of various substrates, the mono-
lithic discs loaded with catalyst were designed to be used for a single cycle.

SCHEME 14  Heterogeneous catalytic ring-closing metathesis/cross-metathesis using a Ru com-
plex on resin.

SCHEME 15  Ring-closing metathesis catalyzed by a monolithic disk-supported Mo complex.
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3.4.4.  Ring-opening metathesis

Ring-opening metathesis (ROM) can be separated into two major types: the 
simple ring opening of cycloalkenes and the ring-opening metathesis polymer-
ization (ROMP).71 Ru and Re-based homogeneous catalysts are the most stud-
ied in this field while their heterogeneous counterparts immobilized on alumina 
or silica are the most investigated systems and constitute an important class of 
catalysts due to the practicability they offer in industrial settings.18, 72, 73

The second generation Hoveyda-Grubbs catalyst immobilized on silica, 
described above in the CM section, also performed well in catalyzing ROMP 
(Scheme 16).18 Here again, the reaction is performed in hexane. Although it is 
not ideal from an environmental point of view, the advantages of such nonpolar 
solvents were clearly identified; they contribute to the stability (nonleaching) of 
the catalyst from the support and ensure a metal-free product.

Another silica-supported Ru catalyst showed acceptable activity in the ROMP 
of norbornene producing 73% yield (Scheme 17). While the homogeneous cata-
lyst performed significantly better (98% yield), the solid catalyst exhibited negli-
gible levels of leaching to the reaction mixture and exhibited good recyclability.72

Although Ru complexes are undeniably the most commonly used catalysts 
in this field and it is no exception for ROM, there are a few examples of other 
metal-based catalyst such as Re. Re oxide supported on organized mesoporous 
alumina (OMA) showed higher activity in the ROMP of cycloalkenes than other 
alumina-supported catalysts (Scheme 18).73 The high activity was attributed to 

SCHEME 16  Heterogeneous catalytic ring-opening metathesis polymerization by the Hoveyda-
Grubbs Ru-based catalyst immobilized on silica.

SCHEME 17  Heterogeneous catalytic ring-opening metathesis polymerization of norbornene 
with silica-supported Ru catalyst.
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the organized structure of the support. Additionally, the solid-supported Re ox-
ide was easily separated from the reaction mixture and reused after an activation 
step (drying under Ar).

3.4.5.  Alkyne metathesis

The alkyne metathesis is less developed than the highly versatile and chemo- 
and stereoselective alkene metathesis. Similarly to the alkene metathesis mech-
anism, alkyne metathesis involves the exchange of alkylidyne units between a 
pair of acetylenes through a metallacyclobutadiene intermediate.15 Three de-
cades ago, the first catalytic system capable of catalyzing the alkyne metathesis 
was a heterogeneous mixture of tungsten oxide and silica applied at high tem-
peratures.74 Later, Mo and W-based catalysts were developed allowing milder 
reaction conditions.

A silica-supported Mo catalyst, prepared by mixing triamide with a sus-
pension of silica in toluene at room temperature, showed good activity in the 
metathesis of 1-phenyl-1-propyne under vacuum at room temperature. The im-
mobilization appeared to have prevented the catalyst deactivation as well as the 
often observed polymerization side reaction (Scheme 19).75

Silica-supported Mo-alkylidyne-N-heterocyclic carbene catalyzed the al-
kyne metathesis of substituted aryl-methyl internal alkynes in excellent yields 
(Scheme 20).76 The heterogeneous catalyst allowed the decrease of the catalyst 
loading by a factor of two compared to the homogeneous form of the complex 
while resulting in higher productivity attributed to the prevention of the catalyst 
decomposition due to its immobilization.

SCHEME 18  Heterogeneous catalytic ring-opening metathesis polymerization of cycloheptene 
by Re oxide on OMA.

SCHEME 19  Heterogeneous catalytic alkyne metathesis of 1-phenyl-1-propyne by a silica-
supported Mo complex.
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Other silica-grafted Mo catalyst demonstrated activity in the CM of al-
kynes.77 In one example, the study of the fluorine-bearing Mo catalysts 
showed that their activity was highly dependent on the number of fluorine 
atoms (Scheme 21).78 The optimum number of fluorine ligands was reached 
when the Mo sites became more and more electrophilic with increasing num-
ber of fluorine atoms until it led to an overly stable complex unable to catalyze 
the reaction. Due to the loss of electrophilicity upon immobilization, corrobo-
rating with the previous postulate, the silica-supported catalyst was signifi-
cantly less active than the homogeneous Mo complex. In another example, 
only about 20% yield was obtained despite the presence of a boron Lewis 
acid cocatalyst although the results were superior to those obtained with the 
homogeneous analogue.

3.4.6.  Heterogeneous catalytic asymmetric metathesis

The synthesis of chiral compounds via asymmetric catalysis is one of the most 
active areas in synthetic organic chemistry.79 Using chiral metathesis catalysts 
enables us to produce chiral molecules via a variety of alkene metathesis path-
ways. Although there is a broad variety of such homogeneous applications in the 
literature,80–83 the available heterogeneous catalytic examples are quite limited.

SCHEME 20  Heterogeneous catalytic alkyne metathesis of aryl-methyl alkynes by a silica-
supported Mo complex.

SCHEME 21  Heterogeneous catalytic alkyne metathesis using a silica-grafted Mo complex.
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In 2002 Hultzsch et al. described the first polymer-supported and recyclable 
catalyst for application in enantioselective alkene metathesis, in particular, in  
CM, ROM, and RCM type reactions.84 The synthesis of the catalyst is straight-
forward and is based on a chiral biphenyl moiety. The molybdenum complex 
is covalently bound to the polystyrene backbone. Although the synthesis of the 
catalyst includes six steps and involves several, generally undesirable chemicals 
(HCl, Grignard reagent, chlorinated solvents, etc.), the catalyst itself is recy-
clable in three consecutive reaction cycles with a consistently stable, high ee, 
and only a moderate drop in activity, which partially alleviates the negative as-
pects. The catalyst appeared to be active and highly enantioselective in various 
transformations. The structure of the catalyst and a few representative examples 
are shown in Scheme 22.

SCHEME 22  Heterogeneous catalytic enantioselective alkene metathesis with a polystyrene-
bound Mo complex.
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Later the authors extended their study to seven new chiral metathesis 
catalysts based on polymer-bound Mo complexes.85 Four of these samples 
possessed polystyrene and three poly-norbornene backbones. The chiral in-
formation was introduced by a binaphthyl unit. Most catalysts provided high 
yields and enantioselectivities in several applications, including those depicted 
in Scheme 22.

3.4.7.  Metathesis applied to bioderived alkenes

Due to the current ever strengthening environmental context of chemistry re-
search, efforts have been devoted in the field to rely on renewable feedstock 
rather than fossil fuel-based resources as much as possible.86 Therefore plant 
oils are becoming attractive substrates because of their versatility as start-
ing materials, generating a wide scope of fine chemicals and building blocks. 
Although carbohydrates are currently more widely used than fatty acids in the 
chemical industry, the unique properties of fatty acids and their derivatives 
make them suitable for a range of specific applications. For instance, their 
amphiphilic property is the basis for their long-standing application as soaps. 
Their tunable backbone also allows for multiple functionalization opening up 
other application possibilities, such as the epoxidation of triglycerides produc-
ing multifunctional cross-linkers in polyurethanes.86 In addition, unsaturated 
fatty acids can readily undergo catalytic CC linkage reactions and cleavage 
reactions. Olefin metathesis is an outstanding example of processes that pro-
duce valuable chemicals and key intermediates notably from fatty acid methyl 
esters, easily obtained from the transesterification of natural oils and fats.87, 88 
While homogeneous catalytic metathesis processes are well established and 
efficient, the development of industrial-scale reactions was accompanied by 
the emergence of issues related to the separation of the catalyst and its stabil-
ity. Designing immobilized catalysts can potentially address these issues and 
eliminate cumbersome purifications steps.87 Ru or Re complexes immobilized 
on different supports have shown to prevent the contamination of products 
with metal particles as well as to ease the separation of the catalyst from the 
reaction mixture.

A second generation Hoveyda-Grubbs catalyst was successfully immobi-
lized on commercially available silica and demonstrated high activity in the 
cross-metathesis of methyl oleate with 1-hexene to obtain 1-decene, methyl 
9-tetradecenoate, 5-tetradecene, and methyl 9-decenoate, medium-chain fatty 
acid esters that are valuable intermediates in the synthesis of fine chemicals 
(Scheme 23).89 Competitive side reactions included the self-metathesis of 
methyl oleate and the self-metathesis of 1-hexene giving rise to by-products 
such as 5-decene and 9-octadecene. The yield of cross-metathesis products 
reached 47% when the reactants were introduced in stoichiometric proportions 
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and 87% when the ratio of 1-hexene to methyl oleate attained seven. The same 
observation was made in a different work reporting the cross-metathesis of 
methyloleate with ethylene in gaseous state.90 The use of excess ethylene com-
pared to methyl oleate seems to shift the equilibrium to high CM yields while 
suppressing the formation of self-metathesis by-products. However, using ratios 
higher than 2.5 in this work resulted in catalyst deactivation. The highest yield 
of 63% was obtained by employing a ratio of ethylene/methyl oleate of 2.5 at 
40°C for 180 min with an ethylene pressure of 0.125 bar.

Cross-metathesis of methyl oleate with cis-3-hexenyl acetate was performed 
with Hoveyda-Grubbs-type catalysts bearing cationic tags on NHC ligands 
and immobilized on the surface of lamellar zeolitic supports without linkers 
(Scheme 24).91 Several mesoporous molecular sieves were tested and exhibited 
different activities depending on the type of metathesis. Both catalysts, immo-
bilized on MCM-22 and SBA-15, provided rapid conversion of the fatty acid 
methyl ester. At equilibrium, the consumption of both reactants reached 75%. 
The remaining 25% of the conversion accounted for the yield of self-metathesis 
products according to Scheme 24. No leaching of catalytically active species 
into the liquid phase was observed.

Alternatives to the expensive Hoveyda-Grubbs catalysts are methyltri-
oxorhenium (MTO) catalysts which have been successfully immobilized as 
well. For instance, the high catalytic activity of methyltrioxorhenium on ZnCl2-
modified mesoporous alumina is well-known for the metathesis of olefin esters 
bearing functional groups.92, 93 The highly active heterogeneous catalyst allows 
bypassing the use of additional promoters. However, the leaching of the surface 
chlorine sites constitutes a potential source of product contamination. Lee et al. 
developed a chloride-free and cocatalyst-free catalytic system based on MTO 
grafted to the spinel-type mesoporous zinc aluminate (ZnAl2O4).

94 The catalyst 
exhibited good catalytic activity and selectivity, affording only the desired 
cross-metathesis products of 1-decene and methyl 9-decenoate (Scheme 25).

SCHEME 23  Heterogeneous catalytic cross-metathesis of 1-hexene and methyl oleate by a silica-
supported Hoveyda-Grubbs catalyst.
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The self-metathesis of the same fatty acid methyl ester has been extensively 
studied under homogeneous catalytic conditions with well-known catalysts.95–97 
Multiple heterogeneous catalysts consisting of Ru or Re complexes supported 
on alumina or silica have been designed to provide catalysts with prolonged ac-
tivity and good recyclability, which homogeneous systems lack. Representative 
examples regarding the self-metathesis of methyloleate are tabulated in Table 3.

SCHEME 24  Cross-metathesis of methyl oleate with cis-3-hexenyl acetate catalyzed by a 
Hoveyda-Grubbs-type catalyst immobilized on lamellar zeolites.

SCHEME 25  Heterogeneous catalytic cross-metathesis of methyl oleate with ethylene for produc-
tion of 1-decene and methyl 9-decenoate from seed oil.
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The self-metathesis of methyloleate was performed with a methyltrioxorhe-
nium catalyst incorporated on ZnCl2-modified mesoporous alumina (Table 3, 
entry 1).93 It was found that a ratio of 8–12 for the content of Al/Zn was optimal. 
Surprisingly, the use of other zinc halides or metal chlorides did not promote the 
catalytic activity; thus it is thought that the formation of active sites is related to 
the combined ZnCl bond with the alumina support. A conversion of 92% was 
observed and 52% yield of the desired products was obtained at 45°C in 5 h, 
which are results comparable to those obtained with the homogeneous second 
generation Grubb catalyst. In a different study, the same solid catalyst was em-
ployed under similar conditions except that hexane was replaced with an ionic 
liquid, the 1-butyl-3-methylimidazolium hexafluorophosphate ([bmim][PF6]) 
(Table 3, entry 2).98 The catalyst leaching was lower in the ionic liquid-based 
reaction than in the hexane-based reaction and the recyclability of the catalyst 
was made possible for two runs whereas poor recyclability was observed for 
the reaction performed in hexane. However, these improvements were made at 
the expense of the reaction rate and selectivity; lower yields toward the desired 
products as well as more by-products were obtained. The activity of a series 
of methyltrioxorhenium-based catalysts supported on highly ordered hexago-
nal mesoporous alumina and zinc-modified mesoporous alumina, prepared by 

TABLE 3  Heterogeneous catalytic self-metathesis of methyloleate.

Entry Catalyst/conditions Yield (%) Ref.

1 Methyltrioxorhenium-ZnCl2 on mesoporous 
alumina, hexane, 45°C, 5 h

52   93

2 Methyltrioxorhenium-ZnCl2 on mesoporous 
alumina, [bmim][PF6], 45°C, 5 h

27   98

3 Methyltrioxorhenium on mesoporous 
hexagonal zinc-doped alumina, hexane, 
45°C, 90 min

57   99

4 Second generation Hoveyda-Grubbs/silica, 
cyclohexane, 30°C, 80 min

50 100

5 Magnetite nanoparticles supported second 
generation Hoveyda-Grubbs catalyst, neat, 
50°C, 3 h

73 101

6 Rhenium oxide supported on borated silica-
alumina, heptane, 40°C, 90 min

– 102
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a sol-gel method, was investigated and compared to the aforementioned studies 
(Table 3, entry 3).99 The hexagonal structure of the support demonstrated to be 
suitable for the reaction of bulky fatty acid molecules reducing the mass transfer 
limitations observed when using wormhole-like structures. Therefore a slightly 
higher yield of the desired metathesis products was obtained in a shorter reac-
tion time.

The second generation Hoveyda-Grubbs catalyst immobilized on meso-
porous silica afforded similar results to that of the rhenium-driven reaction in 
hexane, though at lower temperature in shorter time (Table 3, entry 4).100 The 
successful immobilization of the catalyst was proven by detecting negligible 
metal-complex leaching. However, low catalyst loading led to rapid deactiva-
tion of the catalyst although higher loadings allowed for good catalytic activity 
for two consecutive cycles.

Significant recyclability improvements were provided by magnetic nanopar-
ticles as a support for the second generation Hoveyda-Grubbs catalyst (Table 3, 
entry 5).101 Not only was the catalyst remarkably active in olefin self-metathesis, 
but it could also be efficiently dispersed in the organic reaction mixture to mimic 
a homogeneous system with the recyclability feature of a heterogeneous system 
owing it to the magnetic properties of the support. Five consecutive cycles could 
be performed with negligible loss of activity. The synthesis of the immobilized 
catalyst required several steps including the preparation of the linkers and the 
functionalization of the nanoparticles by starch and the final linkage with the ru-
thenium complex. Continuing on the evaluation of the recyclability of catalysts, 
it is worth mentioning the study that applied a rhenium oxide catalyst supported 
on borated silica-alumina with tetrabutyltin as a cocatalyst (Table 3, entry 6).102 
The performance of the catalyst was only reported in terms of turnover num-
bers. After as many as 25 cycles, the turnover numbers remained constant and 
the selectivity was preserved. Only after the thirtieth cycle, the catalyst became 
inactive likely due to the interactions of the tin with the active sites. It must be 
noted that the catalyst was reactivated after each cycle by means of washing and 
calcination; fresh tetrabutyltin was added before each cycle as well.

3.4.8.  Conclusions and outlook

In conclusion, typical examples of heterogeneous catalytic cross-metathesis, 
ring-opening and ring-closing metathesis, alkyne metathesis, and metathesis 
applied to the conversion of biorenewable biomass sourced alkenes were re-
viewed. In light of the efficiency of the reactions described throughout the chap-
ter, it is safe to conclude that heterogeneous catalysis contributes to the broad 
use of metathesis as a tool to produce all types of value-added chemicals in one 
single, highly atom-economic, step. While solid catalyst-based metathesis has 
not reinvented the field because it mainly applies the well-established metal 
complexes on various supports via different strategies, it certainly has improved 
the environmental impact of metathesis reactions as well as its practical use 
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notably in industrial settings (e.g., continuous flow beds). Generally, the im-
mobilization of those catalysts did not hinder their catalytic activity and often 
allowed their recycling for several consecutive cycles, a major advantage over 
homogeneous catalytic systems.
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Chapter 3.5

Friedel-Crafts and related 
reactions catalyzed by solid 
acids

3.5.1  Introduction

The Friedel-Crafts and related transformations are likely one of the most com-
mon and important transformations in synthetic chemistry, both at the laboratory 
as well as the industrial level.1 These processes occur by the common elec-
trophilic aromatic substitution (SEAr) pathway.2 The target reactions include a 
large group of transformations; the most common are alkylation and hydroxy/
amino-alkylation, acylation, halogenation, nitration, sulfonation, etc. The origi-
nal reactions were developed by Friedel and Crafts in the 1870s when they re-
ported the alkylation of benzene with alkyl chlorides as alkylating agents using 
AlCl3 to promote the reaction3 followed by several related applications, such as 
acylation, carboxylation, just to name a few.4 Their pioneering efforts launched 
a new field in synthetic chemistry. One cannot overstate the overwhelming im-
pact Friedel-Crafts chemistry had and continues to have on organic synthesis. 
Due to its applicability and importance, the field generated considerable atten-
tion and thus its continued progress had been the target of regular reviews and 
books. Olah’s extensive series on these reactions5, 6 was the first major effort to 
organize related reports to a framework of reactions. Over the nearly 150 years 
of progress, Friedel-Crafts reactions became one of the most important CC 
bond forming transformations in organic synthesis, both at the laboratory level 
and in the chemical/pharmaceutical industries.7 These reactions are typically 
carried out by either Brønsted or Lewis acid catalysis. The traditional catalysts 
for Friedel-Crafts chemistry include the well-known Lewis acids such as AlCl3 
or BF3 and protic mineral acids such as HCl, H2SO4 or HNO3. The use of these 
acids, especially the Lewis acids, as promoters/catalysts has several drawbacks: 
they are often applied in stoichiometric (even superstoichiometric) amounts, 
they are moisture sensitive, and they often form a covalent bond with the oxy-
gen atoms of the products. These products have to be hydrolyzed; therefore, a 
considerable amount of toxic waste is generated. In addition, mostly all pos-
sible product isomers form, and the reactions exhibit poor regioselectivity.8 The 
previously mentioned mineral Brønsted acids are highly corrosive and most of 
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them discharge toxic fumes that represent safety and health hazards. The regen-
eration and recycling of both groups are practically impossible. In conclusion, 
these catalysts/promoters and the reactions they catalyze do not comply with 
the principles of green chemistry and green engineering.9–11 Solid acid catalysts 
appear to be favorable replacements to the traditional Lewis and Brønsted ac-
ids in many acid-catalyzed reactions, including Friedel-Crafts chemistry.12, 13 
In addition to being effective catalysts for these transformations, they possess 
distinct advantages. Among the many benefits they offer, they are stable under 
the experimental conditions, can be easily removed from the product mixture, 
and are commonly recyclable, and due to their unique structures they exhibit 
high selectivities, often called shape selective catalysis.14 Both solid Lewis and 
Brønsted acids became mainstream catalyst for Friedel-Crafts and related reac-
tions, and thus are the subject of numerous books and reviews.15–19 In fact, a 
large part of the current efforts in the development of environmentally benign 
aromatic electrophilic substitution is focused on the design of novel, moisture-
resistant, and recyclable catalysts.20, 21 Many of these catalysts could be applied 
under microwave-assisted conditions that commonly resulted in significant re-
duction in reaction times, while maintaining or increasing yields.22–24

In this chapter the applications of solid acids in Friedel-Crafts chemistry and 
other related electrophilic reactions will be reviewed, focusing on environmen-
tally benign transformations. As this field has been thoroughly and regularly 
reviewed, while providing references for the major earlier reviews and books on 
the specific areas, the focus of this chapter will be placed on advancement made 
in the past two decades, thus most of the original work surveyed was published 
between 1996 and 2021. Despite this limitation, the number of related published 
works is still extensive, thus the major goal is to provide the broadest possible 
scope by citing representative examples and not to attempt a fully comprehen-
sive treatment of the material.

3.5.2  Alkylation, hydroxyalkylation

Aromatic electrophilic alkylation was one of the classical reactions that Friedel 
and Crafts originally developed.3, 4 It is one of the most fundamental CC bond 
forming reactions that results in the formation of a broad variety of alkylated aro-
matic compounds. These synthetic procedures utilize diverse alkylating agents, 
including mostly alkenes, alcohols, or alkyl halides for the introduction of alkyl 
groups, and aldehydes, ketones, or imines to introduce a hydroxyl-alkyl or amino-
alkyl substituent. These processes are widely used at the laboratory as well as at 
the industrial scale to produce fine chemicals or pharmaceutical intermediates.

3.5.2.1  Alkylations with hydrocarbons

Hydrocarbons, particularly, alkenes are the environmentally most preferable 
alkylating agents. Using these reactants the atom economy of the reaction is 
100%, namely both the substrate and the alkylating agent are fully incorporated 
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into the final product. This also means that, at least theoretically, the reaction 
will not produce any waste, eliminating the need for waste disposal. In a few 
cases, aromatic hydrocarbons, usually presubstituted with tert-butyl or adaman-
tyl substituents, or occasionally simple alkanes are also used in transalkylation 
and alkylation reactions. The most common applications of simple alkenes in 
heterogeneous catalytic Friedel-Crafts alkylations are summarized in Table 1.

Table 1 presents several applications that use simple alkenes with hetero-
cyclic and carbocyclic aromatics. The reactions mostly provide good to excel-
lent conversions using a variety of solid acids. Although most of the reactions 
progressed with high yields, they often suffer from the lack of regioselectivity 
and accordingly, their synthetic potential is limited. Most of the products are 
large-scale industrial materials and commonly used as mixtures, thus not re-
quiring separation. There are, however, several specialized synthetic processes 
that employ more complicated substrates as well as reagents, and result in the 
selective formation of valuable synthons with considerable structural diversity. 
The typical catalysts used are zeolites, sulfonic acid-based resins, supported 
heteropoly acids, and acidic clays.

A synthetically more relevant transformation is the reaction of nitroalkanes 
with benzene derivatives and common heterocyclic building blocks. Table  2 
summarizes these reactions depicting the structure of the products.

The earlier mentioned reactions are of synthetic importance, and the de-
picted yields are commonly isolated yields. The typical solid acids used in these 
alkylations are ion-exchange resins (Amberlyst 15) and acidic montmorillon-
ites, such as K-10. As a significant shift in the application of catalysts, the most 
recent examples are dominated by metal-organic framework (MOF)-based sol-
ids. In an example (Table 2, entry 3) an MOF material prepared from V-shaped 
dicarboxylate ligands and dicopper units was applied. These materials are often 
functionalized in order to improve their performance. Urea-containing MOFs 
have been applied to catalyze the alkylation of indoles with nitroalkenes in sev-
eral examples (Table 2 entries 4–6). Although some applications have short-
comings from the environmental/sustainability perspective (e.g. Table 2 entries 
1, 3–6) using dichloromethane, acetonitrile, or toluene as the solvent, some pro-
cesses use solvent-free conditions during the reaction itself (Table 2 entry 2). In 
most cases, the catalysts are reusable through more than three to four consecu-
tive reactions without a meaningful drop in their activity. The reactions usually 
readily take place at moderate temperatures (RT-80°C) and provide the products 
in good to excellent yields often with exclusive selectivity.

There is a wealth of information available for alkylations of synthetic impor-
tance when specific alkylating agents where the alkylating unit is an alkene are 
used. The regioselective alkylation of indoles with α,β-unsaturated ketones was 
achieved by Amberlyst as a catalyst (Scheme 1). The products were isolated in 
good to excellent yields up to 96%. The catalyst was found to be recyclable in 
a number of consecutive reactions even without reactivation; decline in activity 
was not observed.20
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TABLE 1  Heterogeneous catalytic alkylation of aromatics with simple alkenes.

Entry Aromatics Alkene Catalysts/conditions Product Yield (%) Selectivity Ref.

1 Toluene Octene Amberlyst-15/80°C, 4 h, liquid 
phase

2-Octyl-toluene (plus a 
variety of products due 
to rearrangement)

75a 65% (2/3/4 = 56/17/2) 25

2 4-Methoxy-
phenol

Isobutylene Filtrol (acidic activated 
clay)/1,4-dioxane, 150°C, 3 h

Mono- and di-
tert-butylated 
methoxyphenols

75a Mono/di = 7/3 26

3 Diphenyl 
ether

1-Decene Sulfated zirconiab/150°C, 2 h A variety of 2- and 
4-alkylated products due 
to rearrangement

89a 18%–40% 27

4 Guaiacol Cyclohexene Amberlyst-15c/80°C, 2 h, in 
excess cyclohexene

A mixture of 
monoalkylated products

94 – 28

5 α-Methyl-
naphthalenes

Long chain 
C11-C12 alkenes

HY and Hβ zeolites/180–
200°C, 4 h

90 100% 29

6 Electron-rich 
arenes

Styrene 
derivatives

Sulfonic acid resin D072c/
reflux in DCEd, 4 h

81–100 60%–100% 30

7 Benzene 1-Dodecene H3PW12O40/IL
e/SBA-15f, 

100°C, flow system
Linear alkylbenzenes 30–87 2-Selectivity is 50%, 

3-, 4-, 5-, 6-products 
also formed

31

a, conversion; b, deactivation, regeneration necessary; c, reusable catalyst; d, DCE-1,2-dichloroethane; e, IL, ionic liquid; f, SBA-15-Santa Barbara amorphous silica.
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TABLE 2  Solid acid-catalyzed alkylation of aromatics with nitroalkenes.

Entry Aromatics Nitro-alkene Catalysts/conditions Product Yield (%) Ref.

1 Indoles Nitrostyrene Amberlyst-15/RT, 24 h, ether or 
CH2Cl2; Zr-UiO-67 MOF
Zr-MOF

55–97 32–34

2 Indoles and pyrroles Aryl-nitroalkanes K-10/neat, 60°C, 20–35 min 
(pyrroles), 15–75 min (indoles)

84–93 (pyrroles)
81–94 (indoles)

35

3 Indoles Alkyl-nitroalkenes Cu-MOF-urea/acetonitrile, 60°C, 
18 h

81–98 36

Continued
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Entry Aromatics Nitro-alkene Catalysts/conditions Product Yield (%) Ref.

4 N-alkyl-indoles Alkyl-nitroalkenes Zn-MOF-urea/toluene, 60°C, 24 h 80–92 37, 38

5 Indoles, pyrrole, 
electron-rich benzenes

β-nitro-styrene Cu3(BTC)2/toluene, 55°C, 24 h Indoles: 3-substitution
Pyrrole: 2-substitution

17–98 39

6 Indole β-nitro-styrene MIL101(Cr)@thiourea3/CH3CN 
or toluene as solvents, RT-80°C, 
18–48 h

Major product: 3-substitution 16–85 40

BTC, 1,3,5-benzenetricarboxylic acid; MOF, metal-organic framework.

TABLE 2  Solid acid-catalyzed alkylation of aromatics with nitroalkenes—cont’d



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

Friedel-Crafts and related reactions  Chapter | 3.5  323

The Friedel-Crafts alkylation of carbocyclic and heterocyclic compounds 
with a polycyclic caged enone was developed using K-10 montmorillonite 
as a solid acid catalyst at relatively modest temperatures (Scheme 2). The 
reaction was highly sensitive to the structure of the aromatic substrate; ben-
zene derivatives gave the expected monoalkylated products; however, highly 
activated heterocycles such as thiophene afforded 2,5-bis-alkylthiophene. 
Although pyrrole provided selective monoalkylation, the intermediate under-
went an intramolecular cyclization via the reaction of the pyrrole NH with a 
carbonyl group.41

Several Baylis-Hillman adducts were used as alkylating agents in the 
iron(III)-exchanged montmorillonite K-10-catalyzed Friedel-Crafts alkylation 
of substituted benzenes (Scheme 3). The reaction provided good to excellent 
yields in short reaction times and the catalyst was found to be recyclable as it 
showed no decline in its activity after several consecutive reactions.42

A microwave-assisted solvent-free Cu-triflate-catalyzed protocol was devel-
oped for the synthesis of fused chromenopyridines. The transformation required 
an oxidation step and air was used as a green oxidant.43 The copper-based 

SCHEME 1  Alkylation of indoles with α,β-unsaturated ketones by Amberlyst 15.

SCHEME 2  Alkylation of aromatics with a polycyclic caged enone using K-10 montmorillonite 
catalysis.
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catalyst was found to be a multifunctional promoter in this reaction due to its 
redox properties; it catalyzed the Michael addition as well as the oxidation of 
the intermediate to the final product (Scheme 4). Although the reaction, includ-
ing the last aromatization step, can occur in a catalyst-free system, the catalyst 
significantly enhanced the reaction rate and overall yield of the products.

Commonly Friedel-Crafts alkylations are applied as one of the steps in 
complicated total synthetic pathways. The cyclization of an important in-
termediate in the synthesis of welwitindolinone A, fischerindole I and G 
was carried out by a montmorillonite K-10-catalyzed microwave-assisted 
intramolecular alkylation (Scheme 5).44, 45 The reaction occurred via the al-
kylation of the C-2 of indole with a terminal CC bond to form the new 
five-membered ring.

Although the traditional coupling reactions, such as the Heck, Suzuki, or 
Negishi couplings, are typically metal-catalyzed transformations,46–48 acid-
catalyzed approaches that occur via a different mechanism can also be ap-
plied to synthesize similar products. K-10 montmorillonite was found to be an 
environmentally benign solid acid catalyst for several solid-phase diazotization 

SCHEME 3  Alkylation of aromatics with Baylis-Hillman adducts using Fe3 +-doped K-10 mont-
morillonite as catalyst.

SCHEME 4  Synthesis of chromenopyridines by Cu(OTf)2-catalyzed alkylations.

SCHEME 5  Synthesis of indole alkaloids via a K-10-catalyzed intramolecular cyclialkylation.
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reactions, one being the synthesis of biphenyls. The reaction generates the dia-
zonium salt that undergoes a nucleophilic attack by the aromatic hydrocarbons 
to yield a new CC bond connecting the two rings (Scheme 6).49 The process 
appears to have a broad substituent tolerance and provided excellent yield for 
most substrates. As another environmentally beneficial feature, the catalyst can 
be recycled several times without loss in its activity.

The Friedel-Crafts transalkylation of aromatics is mostly carried out by re-
agents that can supply the tert-butyl or adamantly cations.50 The tert-butylation 
of toluene with 5-tert-butyl-1,2,3-trimethylbenzene was achieved by us-
ing silica-supported and silica-included phosphotungstic (H3[PW12O40]) and 
silicotungstic (H4[SiMo12O40]) acids (HPA) (Scheme 7). The silica-included 
heteropoly acids achieved 93% conversion, while the surface-bound silica-
supported counterparts only provided 62% conversion. An excess of toluene 
was used to ensure the complete capture of the released tert-butyl cations. The 
catalysts were found to be recyclable, although the activity declined in the suc-
cessive reactions.51, 52 The acidic Cs salts of the phosphotungstic acid were also 
applied in different designs, such as neat, or silica- and MCM-41-supported 
samples to catalyze the transalkylation providing high activity (up to 100% 
conversion).12

Reactions using simple alkanes are relatively scarce due to the low reactiv-
ity of alkanes, a few examples can still be found. A process applying a simple 
alkane, heptane over various montmorillonite catalysts readily yielded the ex-
pected 2-phenyl-heptanes, with low conversion, but high selectivities (up to 
80%).53

SCHEME 6  K-10-catalyzed metal-free coupling of aromatics via solid-phase diazotization.

SCHEME 7  Transalkylation of toluene by silica-supported heteropoly acid catalysis.
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3.5.2.2  Alkylations with alcohols, ethers, aldehydes,  
and ketones

As mentioned before, the greenest alkylating reagents are alkenes as those 
reactions occur with 100% atom economy and the reactions theoretically do 
not generate any waste. Several oxygen-containing compounds, such as alco-
hols, ethers, and carbonyl compounds (hydroxyalkylations), are also applied 
as alkylating agents. These compounds are also considered as green reactants. 
Although the atom economy of these reactions is not perfect, for alkylations 
with alcohols and ethers, the fact that the waste, water (or alcohol) is not or only 
minimally toxic is an inherent advantage of these reactions. These reagents, 
however, would cause problems when using some of the traditional catalysts. 
The water or alcohol that is being produced as a by-product would hydrolyze 
and decompose the traditional moisture-sensitive catalysts such as aluminum 
halides, which inhibited the past use of these green alkylating agents. The com-
monly used solid acids are not only just safer, less corrosive, and easier to use 
but they are also moisture stable and can be used with these alkylating agents. 
Table 3 summarizes applications that make use of the most common alcohols 
and ethers for alkylation of aromatics.

As shown, a variety of catalysts can be applied for these alkylation reac-
tions. Ga(OTf)3 and rare earth metal triflates remained stable in the presence 
of isopropanol and provided moderate to excellent yields and selectivities 
(Table 3, entry 1) although the reaction was sluggish with substrates bearing 
electron-withdrawing substituents.54 While the monoalkylated derivative was 
the dominant product, overalkylation was also observed with low selectivities. 
Isopropanol has also been an alkylating agent of choice in several other reac-
tions as well (Table 3, entries 2–3). p-Cymene (Table 3, entry 3) was prepared by 
the alkylation of toluene with propan-2-ol using a catalyst UDCaT-4, which is 
made by combining hexagonal mesoporous alumina as an inert support for per-
sulfated alumina and zirconia.60, 63 The catalyst was recycled in multiple cycles 
without a decrease in its activity. It is worth mentioning that the predominantly 
ortho-product often undergoes a secondary isomerization over longer reac-
tion times to the sterically more stable para-compound on sulfonic acid-doped 
MCM41.73 Tert-butanol is also a common tert-butylating agent for aromatics 
with catalyst such as zeolites, MCM-41-supported heteropoly acids, and rare-
earth metal triflates, often in supercritical carbon dioxide (scCO2, Table 3, entry 
5). However, in this case 2,4-di-tert-butylphenol (using HY zeolite) or 2,4,6-tri-
tert-butylphenol (with Sc(OTf)3/MCM-41) were the major products. All cata-
lysts were found to be recyclable with maintaining their activity. In a similar 
reaction, UDCaT-5, a modified zirconium dioxide catalyst containing 9% sul-
fate (w/w), selectively gave a monoalkylated 2-tert-butyl product (Table 3 entry 
6); however, using tert-amylaclohol a mixture of 2 and 4 alkylated products 
formed (Table 3 entry 7). Another alcohol that is commonly used in alkylations 
is benzyl alcohol (Table 3, entries 8–13). This alkylating agent is proven to be 
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TABLE 3  Heterogeneous catalytic alkylation of aromatics with alcohols and ethers.

Entry Aromatics Alcohol/ether Catalysts/conditions Product Yield (%) Ref.

1 Substituted 
benzenes

iPr-OH Ga(OTf)3/80–110°C, 4–6 h 38–97 (22%–100% 
selectivity)

54

2 Phenol iPr-OH Sulfonic acid functionalized MCM-
41/60°C, 20–35 min

up to 100a 50

Cyclic alcohols H-BEA, HY zeolites 77–85, overalkylation 
is possible

55

Aliphatic alcohols Pd/C Selective 
2-alkylation

 56

3 Toluene iPr-OH UDCaT-4c/vapor phase reaction, 
60°C, 18 h

– 57

4 Phenol Tert-butanol Sulfonic acid functionalized MCM-
41/60°C, 20–35 min

– 51

Continued
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5 Phenol Tert-butanol Heteropoly acid functionalized 
MCM-41, zeolites or rare-earth-
metal triflatesc/scCO2, 130°C, 6 h

– 58, 59

6 m-Cresol Tert-butanol UDCaT-5/120°C, 6 h 90 (93% selectivity) 60

Methanol Zeolites, Zr oxides
WO3/t-ZrO2, gas phase reaction

30 61

7 p-Cresol Tert-butanol D3-MMT, 100°C, 10 min 73% conversion, 94% 
2-selectivity

62

8 Phenol Tert-amyl-alcohol UDCaT-5/120°C, 6 h 85 (2 vs 4 = (65:35)) 63

9 Benzene, 
substituted 
benzenes

Benzyl alcohol Polytrifluoromethanesulfosiloxane 
solid superacid (SiO2-
SO3CF3)/110°C, 1.5–5 h

97–100 64

10 Benzene, 
substituted 
benzenes

Benzyl alcohol Propanesulfonic acid or benzene-
sulfonic acid on MCM-41, HMS 
and SBS-15/110°C, 1.5–5 h (+ diphenyl ether 

as major (30%) 
by-product)

– 65

Entry Aromatics Alcohol/ether Catalysts/conditions Product Yield (%) Ref.

TABLE 3  Heterogeneous catalytic alkylation of aromatics with alcohols and ethers—cont’d
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11 Benzene, 
substituted 
benzenes

Benzyl alcohol Silica-supported heteropoly acids 
and Nafion-H

– 66

12 Benzene Benzyl alcohol H3[PW12O40].H2O on MCM-41, 
FSM-16, SBA-15c/90°C, 4 h

80 67

13 Anisole Benzyl alcohol M-ZrPMo/– – 68

14 Benzene, xylene 4-Methylbenzyl 
alcohol

Nafion-H/gas phase, 80–100°C 66–71 69

15 Thiophene Dimethyl disulfide Acid catalysts/160–350°C, flow 
system, gas phase

and methylated 
products

– 70

16 Mesitylene Hydroxymethyl-
furfural

Zr-montmorillonite, 110°C, 16 h – 71

17 Resorcinol Tert-butyl-methyl 
ether

H3PW12O40/SBA-15 Nearly exclusive 
4-selectivity, 20% 
conversion, 40% 
selectivity

72

a, Conversion; b, deactivation, regeneration necessary; c, reusable catalyst; d, dichloroethane; M-ZrPMo, mesoporous molybdate-zirconium oxophosphate; D3-MMT, dealuminated 
montmorillonite; SBA-15, Santa Barbara amorphous silica; MCM-41, mobil composition of matter No.41), a mesoporous material; FSM-16, folding sheet materials using C16 
surfactant, a mesoporous material.
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active in the presence of a broad variety of catalysts, from a silica-supported 
polytrifluoromethanesulfosiloxane solid superacid (SiO2-SO3CF3) to propane-
sulfonic acid or benzenesulfonic acid on mesoporous silica MCM-41, HMS 
and SBS-15 or silica-supported heteropoly acids and Nafion-H all were found 
to be effective catalysts for this transformation and many showed recyclable 
character even after eight consecutive runs. The gas-phase thiomethylation and 
methylation of thiophene with dimethyl disulfide are readily catalyzed by a va-
riety of solid acid catalysts under atmospheric pressure at 160–350°C (Table 3, 
entry 14). Catalysts that possess strong protic and Lewis acid sites, as well as 
basic sites of moderate strength, were found to show the best performance. In 
a somewhat difficult to classify method, the methylation of benzene and tolu-
ene was described by using syngas (mainly H2 and CO) as a methyl source on 
bifunctional catalysts such as Ce-Pt/ZSM-5 and Cr2O3/ZnO. In a flow process, 
the yield reached about 30% for both toluene (from benzene) and xylenes (from 
toluene). It was suggested that in the first step of the reaction the syngas was in 
situ converted to methanol, which was immediately consumed by the aromatic 
reactants to prevent large-scale side reactions of methanol.74–76

In synthesis of methylbenzyl-indoles, the solvent-free Friedel-Crafts alkyla-
tion of indoles was carried out with alcohols (Scheme 8).77 In a comparative 
study, the catalytic activity, selectivity, and recyclability of ionic liquids and 
several solid acid catalysts (metal-organic frameworks and zeolites) were in-
vestigated. Although ionic liquids appeared to show the highest activity, the mi-
croporous frameworks provided better recyclability and selectivity. In addition, 
the use of these catalysts improved the monoalkylation selectivity. Combining 
all observations and weighing catalyst performances it was concluded that the 
HY zeolite is the most preferred option for these reactions. A similar applica-
tion using bis(hydroxymethyl)-benzene or -naphthalene led to the formation of 
a polymeric material.78

K-10 montmorillonite was also found efficient in the solvent-free one-
step alkylation of indoles with tert-butyl alcohol and the multistep alkylation/
electrophilic annulation of indoles using 2,5-pentanediol (Scheme 9).79 The 
tert-butylation provided moderate to high yields with excellent selectivity to-
ward the C-3 position of indole. The solid acid showed remarkable resistance 
to the water that formed as a by-product in the reaction. The reaction with the 
diol took place in a three-step domino sequence; first the alkylation occurred 

SCHEME 8  HY zeolite-catalyzed alkylation of indoles with substituted methylbenzyl alcohol.
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then the annulation took place by a second alkylation in the C2 position of 
indole. The last step was the aromatization of the cyclized product that yielded 
1,4-dimethylcarbazoles in good to excellent yields. Although K-10 is most 
well known as a solid acid catalyst, it is also known to catalyze mild oxidations 
yielding aromatic products.80–82

Although ethers and esters are not commonly used alkylating agents, there 
are reports that indicate that these compound classes might be somewhat over-
looked in alkylations. For instance, methyl-tert-butyl ether was used as a tert-
butylating agent in the transalkylation of phenols. The product tert-butylated 
phenols are important industrial precursors. The catalyst used was a clay-
supported heteropoly acid (H3[PW12O40]) (20% w/w) on K-10 montmoril-
lonite), which performed well in the synthesis of tert-butylated dihydroxy and 
alkoxy benzenes using common starting materials such as catechol, resorcinol, 
and anisole.83 The reaction was carried out without any additional solvent and 
the catalyst was recyclable without loss of activity (Scheme 10).

Neat (unsupported) heteropoly acids, such as the commercially avail-
able H3[PW12O40] and H4[SiW12O40], were found to be effective and reusable 
solid acids for the alkylation of mesitylene with γ-butyrolactone. The product 
4-(2,4,6-trimethylphenyl)butyric acid (Scheme 11) was obtained with excellent 
selectivity although only in moderate yield.84

The alkylation of a tetra-substituted benzene with a carvone derivative was 
a key step in the total synthesis of Adunctin B, a natural product.85 Several 

SCHEME 9  K-10 montmorillonite-catalyzed tert-butylation and cyclialkylation/aromatization  
of indoles.

SCHEME 10  Heterogeneous catalytic alkylation of substituted anisoles with tert-Bu-methyl ether.
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catalysts from p-toluenesulfonic acid, to Cu(OTf)2, and other triflates, or FeCl3 
were tested in the reaction. Scandium triflate provided the best yield (52%) and 
highest diastereoselectivity (6:1) (Scheme 12).

In a similar approach, namely using the ester of an alcohol to serve as al-
kylating agents, benzylic phosphates were applied for the synthesis of diaryl-
methanes (Scheme 13).86 The reaction was catalyzed by Al(OTf)3, a green acid 
catalyst at low (0.2%) catalyst loading. The process showed broad substrate 
tolerance and high selectivities. The reaction could be effectively carried out in 
the presence of an acetate ester group in the same compound.

In another interesting application, benzyl-type acetates were applied as the 
alkylation agent by Yang et  al. The authors used a broad variety of reagents 
including substituted benzylic alcohols, heterocyclic alternatives, just to name a 
few. The reaction was catalyzed by an H+-exchanged montmorillonite, provid-
ing the products in good to excellent yields (Scheme 14). The reaction was part 
of the synthesis of a biologically active natural compound, zafirlukast.87

The last major group of oxygen-containing alkylating agents is that of car-
bonyl compounds and their derivatives. Depending on the aromatic compound 
and the carbonyl alkylating agent, these reactions can produce either alkylated 
or hydroxyalkylated products. Table 4 summarizes some common applications.

Notable industrial chemicals, bisphenols and methylenedianiline, can be 
prepared via the hydroxyalkylation of aromatics with aldehydes and ketones 
(Table 4, entry 1). Unlike the industrial procedure that is catalyzed by a sul-
fonic acid resin and produces hydroxyalkylated by-products, the β-zeolite gives 

SCHEME 11  Heteropoly acid-catalyzed alkylation of mesitylene with γ-butyrolactone.

SCHEME 12  Scandium triflate-catalyzed alkylation of a tetrasubstituted benzene with a carvone 
derivative.
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better results for the conversion of acetone and phenol to give bisphenol A and 
its regioisomer (Table 4, entry1). In addition, this catalyst could be regenerated 
with no loss of activity.88 Large pore zeolites were also investigated in this reac-
tion and gave promising results for the synthesis of bisphenols.96, 97 Zeolite Y 
resulted in good selectivity toward the formation of methylenedianiline in the 
reaction of aniline and formaldehyde (Table 4, entry 2). However, the interme-
diate partially rearranged to yield a product mixture, although the by-product 
formation was only 2%–3%.88 The perfluorinated resinsulfonic acid, Nafion-H, 
efficiently catalyzed the synthesis of di- and triarylmethanes from benzalde-
hydes and arenes under solvent-free microwave-assisted conditions (Table 4, 
entry 3). The reaction conditions resulted in high yields in short reactions. It 
was observed that microwave irradiation favored the formation of ortho-ortho 
products; however, conventional heating resulted in primarily para-para prod-
ucts. Although the reaction conditions are green, the reusability of Nafion H was 
not studied. When using the significantly more active indoles in a reaction with 
benzaldehydes, weak acid catalysts, such as silica or alumina, also provided 
good yields for the product bis(indolyl)methanes (Table 4, entry 4). HY zeolite 
was able to catalyze the same transformation at room temperature in short reac-
tions (Table 4, entry 5) still providing good yields. Although the process appears 
to have many green features the use of dichloromethane is undesirable. Other 
indoles were alkylated with benzaldehydes and a trifluoromethyl ketone, pro-
viding good to excellent yields (Table 4, entries 6, 7). HY zeolite and scandium 
triflate were used as catalysts, respectively. These processes also suffer from 
the use of dichloromethane, which represents potential harm to the ozone layer, 
when reaching the stratosphere.

One of the more synthetically relevant examples includes a multistep dom-
ino process that is based on a double alkylation of pyrroles and indoles with 
2,5-hexanedione that led to a cyclialkylation via the electrophilic annulation 

SCHEME 13  Benzylation of aromatics with benzylic phosphates in Al(OTf)3-catalyzed reactions.

SCHEME 14  A H-montmorillonite-catalyzed alkylation of a dimethyl phenol with benzyl or 
hetero-benzyl acetates during the synthesis of zafirlukast.
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TABLE 4  Heterogeneous catalytic alkylation of aromatics with carbonyl compounds and their derivatives.

Entry Aromatics
Carbonyl-
compound

Catalysts/
conditions Product Yield (%) Ref.

1 Phenol and 
aniline

Acetone β-zeolite/180°C, 
12 h

  
and methylenedianilines

49
27

88

2 Aniline Formaldehyde Zeolite Y/neat, 
150°C, 6 h

97 (conversion)
89 (selectivity)

88

3 Arenes Substituted 
benzaldehydes

Nafion H/neat, 
150°C, 25–
190 min, MW

  
and triarylmethanes

21–100 89
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4 Arenes Glyoxylic acid TfOH-PVP, 80°C, 
4–72 h

40–95 yield, various regioisomers 90

5 Indoles Benzaldehydes SiO2 or 
Al2O3/90ºC, 
5–15 min, MW
BAIL gel, solvent-
free sonication, 
Cu-Al LDH

59–98 91–93

6 Indoles Benzaldehydes HY zeolite/rt, 
CH2Cl2, 1–1.5 h

65–85 94

7 Indoles 5 mol% Sc(OTf)3, 
CH2Cl2, reflux

72–95 95

PVP, polyvinyl pyridine; BAIL, Brønsted acidic ionic liquid; LDH, layered double hydroxide; MW, microwave irradiation.



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

336  Heterogeneous catalysis in sustainable synthesis

of these activated N-heterocycles. The solvent-free microwave-assisted method 
was catalyzed by K-10 montmorillonite (Scheme 15) and appeared to be a high 
yielding and selective new protocol for the synthesis of indoles and carba-
zoles.98, 99

Essentially the same idea was extended for the synthesis of non-N-methylated 
heterocycles by using 2,5-dimethoxytetrahydrofuran (an 1,4-butanedial deriva-
tive) as the cyclialkylating agent (Scheme 16).100, 101 In a double cyclialkyl-
ation sequence (first with the N of the amides and then the formed pyrroles), 
N-acylindoles were obtained from arylbenzoic acid amides via a pyrrole inter-
mediate in good yields and with nearly 100% selectivity. When using anilines 
or arylsulfonamides, however, the decreased reactivity of the pyrrole obtained 
after the first reaction terminated the process at this phase and N-arylamines and 
N-arylsulfonylpyrroles were obtained in good yields. The product N-sulfonyl-
pyrroles were effective FBPase enzyme inhibitors (IC50 = 32–135 nM) and were 
proposed as potential drug candidates for type 2 diabetes.102

SCHEME 15  K-10 montmorillonite-catalyzed cyclialkylation and aromatization of indoles and 
pyrrole with 2,5-hexanedione.

SCHEME 16  K-10 montmorillonite-catalyzed cyclialkylations with 2,5-dimethoxytetrahydrofuran.
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Using α,β-unsaturated carbonyl compounds, such as cinnamaldehydes, as 
bifunctional alkylating agents, the K-10-catalyzed microwave-assisted pro-
cess provided quinolines through reactions with anilines (Scheme 17).103 The 
reaction times were within few minutes and the yields were excellent. It was 
observed, however, that substrates with strong electron-donating ability, e.g., 
methoxy, reacted sluggishly and provided the products in moderate yields. The 
complex formation between the lone pairs and the Lewis acid centers of the 
catalyst appeared to, at least partially, deactivate the catalyst in these cases.

The enantioselective Friedel-Crafts alkylation of pyrroles with α,β-
unsaturated carbonyl compounds was described by using zinc triflate as the 
catalyst.104 As customary, the zinc-based Lewis acid was used to initiate the 
enantioselection in the process. The reaction provided the products in good to 
excellent yields and excellent enantioselectivities (Scheme 18).

The solvent-free Pechmann condensation yielded substituted coumarins via 
an acylation-cyclization sequence of phenols with methyl acetoacetate in the 
presence of zirconium(IV) phosphotungstate (ZrPW)105 in short reaction times, 
albeit in moderate yields (Scheme 19). The catalyst appeared to be recyclable, 
although it required an acid recovery treatment to restore its original activity. 
A similar study applied Envirocat EPZ-10 as a catalyst for this reaction.106 The 
reaction conditions were about the same; however, the new catalyst appeared to 
make a significant difference and resulted in good yields. The same reaction was 
also carried out using high loadings of 12-tungstophosphoric acid (H3PW12O40) 
introduced into a highly porous metal-organic framework MIL-101.107  

SCHEME 17  Microwave-assisted K-10 montmorillonite-catalyzed condensation-cyclialkylation 
of anilines with cinnamaldehydes.

SCHEME 18  Enantioselective alkylation of pyrroles using a chirally modified Zn(OTf)2 catalyst.
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The catalytic performance of this solid acid was tested in other reactions as 
well, such as esterification and Friedel-Crafts acylation reactions (vide infra). 
Based on the data, 70 wt% of H3PW12O40 loading resulted in the maximum 
catalyst activity and a correlation between dispersion, mesoporosity, and acid 
strength was demonstrated and attributed as a major factor in the catalyst’s re-
sistance to deactivation.

A one-pot three-step reaction that included a final Friedel-Crafts alkylation 
step resulted in the formation of sulfonyl 9-fluorenylidenes (Scheme 20).108 The 
reaction was catalyzed by CuBr2 and resulted in the product in good to excel-
lent yields. The cyclization occurred with activated aromatic rings, while the 
R group on the sulfonyl group could include groups with electron-donating or 
electron-withdrawing substituents.

A magnetically separable magnetite-supported solid acid [Fe3O4@SiO2@
(CH2)3-Urea-SO3H/HCl] was found to be an efficient catalyst for the synthe-
sis of 2′-aminobenzothiazolomethylnaphthol derivatives (Scheme 21).109 The 
catalyst showed high activity, producing good to excellent yields and could be 
recovered and reused after the completion of the reaction. Even after eight reac-
tions the catalyst showed no signs of deactivation.

3.5.2.3  Alkylations with alkyl halides

Alkyl halogenides are one of the oldest and most established alkylating agents 
in aromatic electrophilic substitution. Using these compounds is also very con-
venient and practical as many of them are highly active and their physical prop-
erties (boiling point, melting point, solubility, etc.) make them well suited for 
the traditional Friedel-Crafts chemistry. Their application as alkylating agents 

SCHEME 19  Heterogeneous catalytic Pechmann condensation of phenols with methyl 
acetoacetate.

SCHEME 20  Synthesis of sulfonyl 9-fluorenylidenes by a CuBr2-catalyzed process.
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vastly dominated the field of Friedel-Crafts alkylations or alkyl-arene synthesis 
in the past. However, with the emergence of green chemistry,8 these reagents 
became somewhat undesirable. One cannot overlook several issues that arise 
when analyzing their reactions from a sustainability point of view. First of all, 
alkyl halides are not sustainable reagents as opposed to several alcohols. They 
are commonly synthesized from alkenes by halogen or hydrogen halogenide ad-
dition, a process that applies environmentally unfriendly halogens (X2) or their 
HX derivatives. It is well known that halogens and organohalogen compounds 
are the most likely to cause the development of the ozone hole in Earth’s strato-
sphere. During the alkylation reactions the same problems occurs, the genera-
tion of HX has the same effect. In addition, the HX by-products significantly 
decrease the atom economy, they are corrosive and if a base is applied to capture 
them, large amount of waste is generated. It is apparent that despite the positive 
impacts of solid acid catalysis on these reactions, the use of alkyl halogenides, if 
possible, should be avoided, especially in industrial practice. With the potential 
negative impact in mind we still summarize alkylations carried out using alkyl 
halides, as at the moment a number of procedures are still based on these re-
agents and greener alternatives are not yet available. There are several common 
alkyl halides that are often used in Friedel-Crafts reactions. The most common 
applications are tabulated in Table 5.

Considering the traditional mechanism of the reaction, it often occurs 
through carbocationic mechanism. Thus the best alkylating agents form stable 
carbocations. It is important not only to ensure sufficient activity, but to make 
sure that the carbocation will not rearrange and the reaction would not pro-
duce an undesired rearranged product. Accordingly, the most popular alkylating 
agents are the benzyl and tertiary halides. Benzylchloride and bromide are the 
most commonly applied alkylhalide alkylating agents. They are highly reactive 
and commercially readily available and relatively inexpensive. The application 
of tertiary halides is also common; however, the alkylated products are suscep-
tible to transalkylation reactions often resulting in the formation of undesired 
overalkylated by-products.

SCHEME 21  Synthesis of 2′-aminobenzothiazolomethylnaphthol derivatives by a magnetically 
separable solid acid.
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TABLE 5  Solid acid-catalyzed alkylation of aromatics with simple alkylhalogenides.

Entry Aromatics Alkyl halogenide Catalysts/conditions Product Yield (%) Selectivity Ref.

1 Activated 
substituted 
benzenes

Benzyl chloride Inorganic aluminosilicate 
polymerb/110°C, 3 h, liquid 
phase; AlCl3-ionic liquid complex

2- and 4-monobenzylated 
aromatics

> 90a 100% (2/4 = varied 
around 1:1)

110, 
111

2 Benzyl chlorides Benzyl chlorides 
(self benzylation)

NaY zeolite/RT, 24 h Dimers, oligomers, polymers 33a (dimer) 2/3/4 = 25/65/10 112

3 Toluene Benzyl chloride M-ZrPMoc,e/– – – 68

4 Substituted 
benzenes

Adamantyl 
bromide

Broad variety of solid acidsd/80–
130°C, 1–2 h, in excess aromatic

  
a mixture of 
monoadamantylated products

85–98 2/3/4 = – 113

5 Diphenyl ether Benzyl chloride Sulfated zirconia/90°C 66 – 30

6 Naphthalene Benzyl chloride UDCaT-4b cyclohexane, 80°C, 
4 h

82 Not discussed 114

7 Substituted 
benzenes

Alkyl halides Metal accumulating plant based 
catalystb with K-10/neat, RT, 1 h

Various monoalkylated 
products

52–100 2/3/4 = 15–
30/0/85–70

115, 
116

a, conversion; b, reusable catalyst; c, deactivation, regeneration necessary, d, HY zeolite, HY-supported triflic acid, Nafion H, Nafion H-silica nanocomposite, Amberlyst, silica-supported  
heteropoly acids, benzenetricarboxylic acid; e, mesoporous molybdate-zirconium oxophosphate (M-ZrPMo).
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Adamantyl bromide is a representative of the tertiary alkyl halide group. It 
was applied in the regioselective adamantylation of substituted benzenes us-
ing a wide variety of solid acid catalysts, including acidic ion exchange and 
ionomer resins, HY zeolites, sulfated zirconia, and supported superacids on 
HY zeolite and SiO2 (Table  5, entry 4).113 The reaction generally occurred 
with high yields; the selectivity strongly depended upon the acid strength of 
the catalyst. Amberlyst, a cross-linked polystyrene resinsulfonic acid of moder-
ate acid strength, provided excellent regioselectivity toward the formation of 
4-adamantylated substituted benzenes. In contrast, much stronger acids, such as 
Nafion-H, resulted in the formation of the 3-adamantylated compounds as the 
major product. This suggested that the reaction could be used to characterize the 
acid strength of solid acids. This study was further extended to the applications 
of heteropoly acids (Hn[XM12O40]; n = 3, 4; X = Si, P; M = Mo, W),117, 118 their 
silica-inclusion complexes, Nafion-H silica nanocomposite,119 and a broad array 
of metal (lanthanide and gallium) triflates.120 As a general observation, weaker 
acids (H0 ≈ − 5 to − 8, such as Amberlyst, H4[SiMo12O40], H3[PM12O40]) fa-
vored the formation of 4-substituted products. Stronger acids (H0 ≈ − 9 to − 12, 
e.g., Nafion-H, H4[SiW12O40], H3[PW12O40]), however, catalyzed a secondary 
isomerization reaction and resulted in the thermodynamic mixture of 3- and 
4-adamantylated products in a ~ 70:30 = 3-substitution/4-substitution ratio. The 
2-substituted product was never observed likely due to significant steric demand 
of the adamantyl group.

Several works describe the preparation of catalysts from nonconventional 
biomass, such as metal hyperaccumulator plants, and their use in alkylations 
in combination with K-10 montmorillonite (Table 5 entry 7).73, 74 The catalysts 
provided high yields and were found to be reusable.

3.5.2.4  Hydroxyalkylations

Hydroxyalkylation reactions are a special type among Friedel-Crafts reactions. 
The reaction formally is an addition of the aromatic CH bond to the carbonyl 
(CO) group of aldehydes and ketones (carboxylic acid derivatives will react 
via the traditional acylation mechanism) or can occur via epoxide ring open-
ing, forming the CH(OH)R unit as a side chain on the parent aromatic ring. 
Hydroxyalkylation is a great example for environmentally benign synthesis; the 
alkylating reagents (aldehydes ketones) are green, it occurs with 100% atom 
economy, (theoretically) there is no waste production, and often the reactions do 
not even require the use of catalysts or elevated temperatures.121

Environmentally benign solid acid catalysts, such as zeolites and K-10 
montmorillonite, readily catalyzed the intramolecular hydroxyalkylation of ary-
lalkyl epoxides via the epoxide ring opening.122 Although the catalysts could be 
reactivated and performed well in at least three consecutive reactions and excel-
lent conversions of the starting materials were reported, the selectivities were 
rather low (25%–30%) (Scheme 22).
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K-10 montmorillonite was found to be an excellent catalyst for the hydroxy-
alkylation of substituted indoles and pyrroles with ethyl 3,3,3-trifluoropyruvate 
and ethyl 4,4,4-trifluoroacetoacetate (Scheme 23) in high yields and selectiv-
ity.123 The same group developed the highly enantioselective version of the 
trifluoropyruvate reaction by using cinchona alkaloids as chiral catalysts.124 
The products of these syntheses as well as their extension to carbocyclic aro-
matics125 were applied as inhibitors of the fibril and oligomer formation of the 
amyloid β peptide that has a prominent role in the development of Alzheimer’s 
disease.126, 127

A special case of hydroxyalkylations is when the alkylating agent contains 
a CN double bond, such as aldimine or ketimines, when the reaction is called 
aminoalkylation. The alkylation of activated arenes with N-sulfonyl aldimines 
was carried out by Thirupathi et al.128 The reaction was successfully achieved 
by using Amberlyst-15, an acidic ion-exchange resin, which was found to be a 
recyclable catalyst in this reaction. The alkylation was carried out in two differ-
ent stoichiometric ratios; when the alkylating agent/arene ratio was 1 a simple 
aminoalkylation occurred (Scheme 24A); however, doubling the amount of 
arene (ratio = 0.5) resulted in the formation of triarylmethanes (Scheme 24B). 
Although the protocol has several green features, one must not overlook that 
dichloromethane, a highly undesirable compound, was used as solvent. Using 
chiral amines to synthesize chiral imines and apply the chiral imines in simi-
lar aminoalkylations, the same strategy leads to highly selective asymmetric 
aminoalkylations.129

Polystyrene-anchored cinchonide-modified bifunctional thioureas have 
been found as an excellent catalyst for the highly enantioselective aza-Friedel-
Crafts aminoalkylation of naphthol derivatives and N-Boc ketimines that were 
obtained from isatin.130 The reaction was carried out under flow condition to 

SCHEME 22  Solid acid-catalyzed intramolecular cyclization of epoxides.

SCHEME 23  K-10 montmorillonite-catalyzed hydroxyalkylations of pyrroles and indoles with 
ethyl trifluoropyruvate and ethyl trifluorooxobutanoate.
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produce the products in good to excellent yield (70%–99%) and moderate to 
excellent enantioselectivities (50%–96%ee) (Scheme 25).

3.5.2.5  Intramolecular transalkylations—Rearrangements

Transalkylation reactions involve the removal of an alkyl group from a com-
pound with the subsequent transfer of that alkyl group to either the same (in-
tramolecular) or an additional molecule (intermolecular). The purpose could be 
direct synthesis or using the alkyl group as a blocking group before additional 
steps. The ortho-Claisen rearrangement of phenol-allyl ethers, a 1,3 O → C shift 
of the allyl group from the phenolic O to the aromatic ring can formally be con-
sidered as an intramolecular transalkylation, is a useful method for the synthesis 

(A)

(B)

SCHEME 24  Amberlyst 15-catalyzed aminoalkylations of activated arenes with N-sulfonyl 
aldimines.

SCHEME 25  Enantioselective aminoalkylation of naphthyl derivatives with isatin-derived keti-
mines on polystyrene-supported cinchona alkaloid-modified thiourea catalysts.
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of 2-allyl-phenols.131 The reaction can be effectively catalyzed by solid acids, for 
example, zeolites or Nafion-H silica nanocomposite.119, 132 The selectivity of the 
reaction is highly dependent on the conversions; at lower values 2-allylphenol 
forms as a major product; increasing conversions, however, lead to secondary 
reactions, such as an intramolecular cyclization to 2-methyldihydrobenzofuran 
(Scheme 26). In addition to this work, acidic Cs salts of phosphotungstic acid 
(H0.5Cs2.5[PW12O40] and its silica or MCM-41-supported forms were also re-
ported to catalyze the Claisen rearrangement.52

A zeolite-catalyzed (X, Y, ZSM-5 and ZSM-11) photochemically activated 
Claisen rearrangement readily produced allyl phenols (Scheme 27). It was dem-
onstrated that the catalyst played a significant role in this transformation. KX 
and KY zeolites favored the formation of the expected 2-allylphenol; however, 
ZSM-5 zeolite mainly produced the 4-isomer. As a possible explanation the 
channel size and shape selective character of the ZSM-5 zeolite was provided.133

3.5.3  Acylation

The Friedel-Crafts acylation is another example of the most versatile CC bond 
forming reactions and could lead to a broad array of fine chemicals such as aryl 
aldehydes, aryl alkyl ketones, symmetric and unsymmetric diaryl ketones that 
are all important building blocks in organic synthesis. Acylations can be car-
ried out using a wide variety of reagent classes similar to the earlier discussed 
alkylation. Therefore acylation will also be discussed on the basis of applied 
reagent classes. Solid acids are particularly useful in these reactions.134, 135 The 
traditional Lewis acids, such as AlCl3, that bind to the carbonyl oxygen must 

SCHEME 26  Nafion-H/silica nanocomposite-catalyzed Claisen rearrangement of phenol-allyl 
ether.

SCHEME 27  A zeolite-catalyzed photochemical Claisen rearrangement of phenol-allyl ethers.
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be hydrolyzed to isolate the products, a process that decomposes the moisture-
sensitive Lewis acids and yields significant amount of waste. Unlike these acids, 
solid acids either do not bind strongly with carbonyl compounds thus either no 
hydrolysis is necessary, or these materials do not decompose upon hydrolysis 
with water and therefore, in principle, are recyclable. In other words, traditional 
Lewis acids rather act as reagents and have to be used in stoichiometric amount. 
In contrast, the solid acids work as real catalysts. Recyclability is a major ad-
vantage of solid acids in Friedel-Crafts acylations. In addition, solid acids can 
be utilized in reactions with environmentally more benign reagents, such as 
carboxylic acids or anhydrides unlike the traditional Lewis acids that often de-
compose in the presence of such reagents.

3.5.3.1  Acylations with carboxylic acids

Carboxylic acids are the environmentally most benign acylating reagents, given 
the relatively high atom economy and the formation of water as the only theo-
retically plausible by-product. Unfortunately, carboxylic acids are considered to 
be relatively low activity reagents in acylation reactions. As a potential solution 
to this problem, the application of strong, often superacidic, solid acids (such as 
Nafion-H or Cs2.5H0.5[PW12O40]) and elevated temperatures are recommended. 
Due to their low reactivity, carboxylic acids are not frequently considered as ac-
ylating agents indicated by the limited number of processes described; however, 
due to their green character their application is desirable.

Nafion-H, a superacidic perfluorinated resinsulfonic acid, was found to be 
an excellent catalyst to promote the intramolecular Friedel-Crafts acylation of 
benzoic acid derivatives having aromatic substituents in ortho position to the 
carboxylic group (Scheme 28). A broad variety of three ring systems, such as 
anthraquinone, anthrone, fluorenone, α-tetralone, 1-benzosuberone and various 
heterocycles like acridone and xanthone, were obtained in excellent yields by 
using this protocol. As expected, the reaction occurred most efficiently at high 

SCHEME 28  Nafion-H-catalyzed intramolecular acylations with benzoic acid derivatives.
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temperatures (180°C).136 In addition to the high temperature, the use of the ha-
logenated solvents is also a drawback of the method from green point of view.

Another alternative to solid superacids and high temperatures is to apply 
highly activated aromatic compounds for acylation. Anisole can be acylated 
by octanoic acid in the presence of several zeolite catalysts, such as zeolite 
H-BEA, H-FAU, and also the high surface area Nafion-H/silica nanocom-
posite137 (Scheme 29). Zeolites H-BEA and H-FAU exhibited the best over-
all catalytic performance, providing excellent 4-selectivities, albeit moderate 
yields.138 In a similar study, anisole was acylated with propanoic acid. The 
zeolites tested were ZSM-5 and BEA and their nickel, silver, or iron-loaded 
derivatives: pristine ZSM-5 being the most efficient with 70% conversion and 
80% selectivity.139 In each reaction, the 2- and 4-products dominated, the cata-
lysts made no difference in terms of selectivity; however, the modifications 
appeared to decrease catalytic activity. The same acylation was also achieved 
using MOF-based catalysts with high phosphotungstic acid loading.107 The 
zeolite-catalyzed acylation of aromatics with alkylcarboxylic acids can also 
be carried out by microwave activation as well.16, 140 The microwave-assisted 
reactions produced higher yields, which was attributed to the rapid evaporation 
of water from the surface.

A similar acylation of toluene and anisole was carried out with aliphatic car-
boxylic acids from acetic acid to tridecanoic acid by heteropoly acid catalysis. 
The superacidic partial cesium salt of phosphotungstic acid (Cs2.5H0.5[PW12O40]) 

SCHEME 29  Microwave-assisted zeolite-catalyzed acylation of anisole with octanoic acid.

SCHEME 30  Acylation of toluene and anisole with aliphatic carboxylic acids catalyzed by  
Cs2.5H0.5[PW12O40].
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appeared to efficiently catalyze the reaction at a relatively moderate temperature 
(Scheme 30) while also being recyclable in consecutive experiments.141

Benzoic acid was applied in the aroylation of substituted benzenes with 
Nafion-H catalysis. The product benzophenones were obtained in moderate to 
good yields (Scheme 31).142 Interestingly, toluene was an exception, as the ben-
zoylation resulted in the formation of benzophenone isomers and only in low 
yields (~ 5%).

A p-toluenesulfonic acid (PTSA) treated montmorillonite catalyst was ap-
plied in the acylation of p-cresol with aliphatic carboxylic acids in a microwave-
assisted reaction (Scheme 32).143 Albeit the yields were only moderate, it was 
observed that the microwave irradiation prevented the catalyst deactivation that 
was typically observed in conventionally heated systems. It was suggested that 
the electromagnetic field positively moderated the orientation of the acylium 
ions and favored the reaction with cresol.

As an example for the application of highly activated aromatics in acylations 
with carboxylic acids, Montanez Valencia et al. reported the gas-phase acylation 
of guaiacol with acetic acid using commercially available HZSM-5, HBEA zeo-
lites, and tailored ZnZSM-5 and TPA (tungstophosphoric acid)/SiO2 catalysts, 
respectively. The authors described the reaction as effective, however, obtained 
a product mixture that required extensive separation.144 The same reaction was 
investigated using micro-, nano-, and hierarchical MFI and BEA zeolites in a 
continuous flow reactor. The authors obtained similar results as the previously 
mentioned work with the additional observation of the O-acylated product and 
its subsequent Fries rearrangement.145

SCHEME 32  Acylation of p-cresol with aliphatic carboxylic acids catalyzed by p-toluenesulfonic 
acid (PTSA) treated montmorillonite.

SCHEME 31  Nafion-H-catalyzed acylation or aromatics with substituted benzoic acids.
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3.5.3.2  Acylations with activated carboxylic acid derivatives

Due to their enhanced reactivity carboxylic acid chlorides and anhydrides are 
the most popular acylating reagents in common synthetic procedures. Despite 
their overwhelming popularity one must not overlook that their application 
also raises some issues that do not conform to the green chemistry principles. 
First of all, acid chlorides upon reaction release HCl, and similarly anhydrides 
release an organic acid. HCl is particularly problematic, but both by-products 
are corrosive, significantly decrease the atom economy (highly unfavorable 
for anhydrides), and generate waste that should be dealt with. Therefore the 
application of acid chlorides and anhydrides should be avoided whenever it is 
possible.

Despite these concerns these reagents are the most commonly used acylat-
ing agents. Acetyl chloride, benzoyl chloride, and acetic anhydride are the most 
regular reagents with a plethora of applications featuring a broad variety of 
heterogeneous catalysts. Tables 6–8 include several representative applications.

Tables 6–8 indicate that acylation reactions are carried out by using a rel-
atively limited number of acylating agents; acetyl chloride and some higher 
aliphatic acid chlorides, benzoyl chloride and its substituted derivatives, and 
anhydrides were overwhelmingly dominated by acetic anhydride. In contrast, 
the number and variety of catalysts used and specifically developed for these 
reactions is great and ever growing. They include traditional solid acid cata-
lysts such as metal oxides (α-Fe2O3, Bi2O3, ZnO), zeolites (HY, Hβ, etc.), meso-
porous aluminum silicates (HMCM-48-SH and HMCM-41-S), acidic clays 
(K-10), sulfated zirconia, heteropoly acids (H3PW12O40), acidic ion-exchange 
resins (Amberlyst, Nafion-H) derivatives. Several works have also investi-
gated the catalytic potential of newly developed innovative catalysts, such 
as a biomass-based material often in combination with a well-known porous 
support, K-10 montmorillonite, modified zeolites or clays (microcrystalline 
β-zeolite, PTFMSS-bentonite-supported polytrifluoromethane sulfosiloxane), 
supported heteropoly acids or the partial Cs-salt of HPAs, or sulfated mesopo-
rous aluminum silicates demonstrating the benefits of the derivatized forms of 
the traditional catalysts. Many of these catalysts produced high yields and were 
found to be recyclable.

There are several applications when a variety of other acid anhydrides were 
used for acylation. For instance, heteropoly acid-based solid acids, mainly 
H3[PW12O40] and Cs2.5H0.5[PW12O40], were applied for the Friedel-Crafts ac-
ylation reaction of substituted benzenes with acid anhydrides (Scheme 33).183 
The catalysts provided moderate to high yields with high selectivity. The 2- to 
4-regioselectivity was strongly dependent upon the R1 substituent (2:2%–56%; 
4:44%–98%). Kobayashi’s group recently reported the application of trifluo-
romethanesulfonic acid immobilized on nitrogen-doped carbon-incarcerated 
titanium nanoparticle catalysts in the same reaction using a variety of acid an-
hydrides as acylating agents describing similar yields (70%–96%).184
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TABLE 6  Solid acid-catalyzed acylation of aromatics with alkylcarboxylic acid chlorides.

Entry Aromatics Catalysts/conditions Product Yield (%) Selectivity Ref.

1 1,2-Dimethoxybenzene H-beta zeolite/130°C, 1 h 
chlorobenzene with propionyl 
chloride (recyclable catalyst)

43 94 146

2 Anisole H-beta zeolite/60°C, 2 h acetyl 
chloride (gas phase)

n.d. Not determined, mechanistic 
study on surface adsorption

147

HMCM-48-SH and HMCM-41-S, 
155°C, 1 h with octanoyl chloride

90–99 100% 4-selectivity 148

3 N-ethyl-carbazole ZnCl2, 20°C, 6 h, acetylchloride, 
dichloromethane

80 High selectivity for 
the product, no other 
regioisomer detected

149

4 Substituted 
dimethoxybenzenes

Variety of zeolites, mainly HY, 65°C, 
1 h, N2 atm., various straight chain 
(C2-C4 and C6-C10) acylchlorides

Up to 48 High selectivity for the 
expected products

150

5 Ferrocene B-PTFMSS or sulfated zirconia, 80°C 
(reflux), 4 h, 1,2-diCl-ethane (solvent), 
(recyclable catalyst)

76–85 Conversion: 21–82 151, 
152

6 Activated and 
nonactivated aromatic 
hydrocarbons

ZnO, RT, 5-120 min, solvent-free, 
(recyclable catalyst)

67–95 Not discussed 153

n.d., not determined; B-PTFMSS, bentonite-supported polytrifluoromethane sulfosiloxane; HMCM, H-exchanged forms of synthetic mesoporous aluminosilicates.
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TABLE 7  Solid acid-catalyzed benzoylation of aromatics with benzoyl chloride and its substituted derivatives.

Entry Aromatics Catalysts/conditions Product Yield (%) Selectivity Ref.

1 Toluene Sulfated zirconia/100°C, 3 h 
(benzoic anhydride as well)

Up to 92 70%–80% 4-product 154

Mesoporous zirconium 
trifluoromethylsulfonate 
(Zr-O-SO2-CF3), 15–30 wt% 
triflic acid, 130°C, 24 h, 
nitrobenzene (solvent)

4,4′-Dimethyl-
benzophenone

73–74 Selective, conversion: 72–85 155

2 m-Xylene Core shell Bi2O3/SiO2 catalyst 
RT-100°C, 40–270 min, 
recyclable catalyst

68–91 Nearly exclusive 156

3 1,2-Dimethoxy 
benzene

H-Y and H-BEA zeolites 
chlorobenzene, 130°C, 8 h, 
(substituted benzoyl chlorides 
as well)

23–75 
(conv.)

Nearly 100% selectivity for the 
major product

157
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4 Anisole H3PW12O40/Zr-based MOF, 
120°C, 6 h, H-BEA/SiC, 
120°C, 10 h

60–99.4 
(conv.)

95%–99% selectivity for the major 
product

158, 
159

5 Diphenyl oxide 15 wt. % H3[PW12O40]/ZrO2, 
(calcined at 750°C), 120°C, 
3 h

39 (conv.) 97% 160

6 Substituted benzene 
derivatives

Sulfated zirconia, 100–200°C, 
1.5–20 h

    

Al2O3-ZrO2/S2O8
2 −, 100–

150°C, 2–6 h with benzoyl 
chloride and its substituted 
derivatives

16–99 n/a 161–
163

FexC nanocomposite 130°C 
2–7 h

    

7 Biphenyl Sulfated mesoporous MCM-
41 (SO4-AlMCM-41), 180°C, 
24 h

94 (conv.) 83%
11%

164

8 Substituted 
naphthalenes, 
anthracene

Sulfated zirconia, 
1,2-dichloroethane or 
chlorobenzene, 70–130°C, 
4–20 h

70–93
61–67

n/a 165
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TABLE 8  Solid acid-catalyzed acetylation of aromatics with acetic anhydride.

Entry Aromatics Catalysts/conditions Product Yield (%) Selectivity Ref.

1 Anisole Zn-hyper-accumulative plants/K-10/Solvent-free, 
rt, 1 h
high silica mordenite zeolite
sulfated zirconia, 100°C, 1.5 h
β-zeolite, 120°C, 24 h
Nafion-H/mesoporous support, 70% HPA/SiO2, 
Cs2.5-HPA/SiO2, 70°C

40–100 2/3/4: 10–
30/0/85–98

115, 116, 161, 
166–169

2 Anisole Amberlyst-36, or H3PW12O40/SiO2/50°C, 5 h (A36) 
or 90–110°C, 2 h (PW/SiO2)

35–98 98 170, 171

3 Aromatic ethers Amberlyst 15, 80°C, 10 h, ethylene dichloride 
(solvent) (other anhydrides as well)
Zr-β-zeolite, 70–100°C, flow system
α-Fe2O3 and CaCO3 NPs
HY, Hβ zeolite, 90–120°C, 2–24 h
H3PW12O40/HMS, diCl-ethane, 60°C, 30 min
15 wt% H3[PW12O40]-22.4 wt% ZrO2, 80°C, 1 h

27–100 High selectivity 
for the expected 
4-acetylated 
products

172–179
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4 2-Methoxy-
naphthalene

Hβ zeolite, chlorobenzene, 80°C, 4 h 7–22 2-Methoxy-1-
naphthophenone 
(5%–12%)

180

5 Aromatic and 
hetero-aromatic 
compounds
(X = O, S)

Microcrystalline β-zeolite, nitrobenzene (standard), 
90–130°C, 2.5–12 h

70–98
26–91
20–30 
(conv.)

N/a
64%–100%
100%

181

6 Benzo-
dihydrofuran

HY, Hβ zeolite, 120°C, 1.5 h 95 Nearly 100% 177

7 Silica-immobilized sulfuric acid (SSA), 60°C 
15–20 min sonication

94–95 n/a 182

HMS, hexagonal mesoporous silica; HPA, heteropoly acid; NP, nanoparticle.



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

354  Heterogeneous catalysis in sustainable synthesis

The acylation of anisole with propionic anhydride was studied with a variety 
of solid acid catalysts, such as UDCaT-5, UDCaT-6, Cs2.5H0.5PW12O40 on K-10 
montmorillonite, etc. The mesoporous UDCaT-5 was found to be the most ef-
fective catalyst for the synthesis of 4-methoxypropiophenone.185 The reaction 
was carried out under solvent-free conditions at 110°C and provided moderate 
yield with excellent selectivity (Scheme 34).

Yadav and Kamble developed a new solid superacidic mesoporous UDCat-5 
catalyst for the similar acylation of toluene with propionic anhydride.186 The 
reaction occurred at 180°C, with relatively moderate yield (68%), however, 
with exclusive regioselectivity. The reaction was carried out under solvent-free 
condition.

The synthesis of anthraquinone has been achieved by a double acylation 
reaction carried out using phthalic anhydride and benzene (Scheme 35).187 
The catalyst applied in the reaction was a modified Hβ zeolite that was treated  
by acetic acid under microwave-assisted conditions. The catalyst provided 

SCHEME 34  A modified zeolite-catalyzed acetylation of anisole.

SCHEME 33  Phosphotungstic acid and its Cs salt-catalyzed acetylation of substituted benzenes 
with acid anhydrides.

SCHEME 35  Hβ zeolite-catalyzed microwave-assisted synthesis of anthraquinone by the double 
acylation of benzene with phthalic anhydride.
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moderate yields (up to 55%) and selectivity (65%). It was also found to be recy-
clable after regeneration; while the yields show continuous drop during reuse, 
after a simple regeneration by a treatment with acetic acid, the yields remained 
stable at the original value even after five subsequent reactions.

3.5.3.3  Intramolecular transacylations—Rearrangements

There are several rearrangement reactions that occur, at least partially, via an ar-
omatic electrophilic substitution mechanism. The Fries rearrangement is a well-
known acid-catalyzed transformation of phenol esters resulting in the formation 
of 2- and 4-hydroxyacetophenones.188 The ester group is usually activated by a 
strong acid to yield an acetyl cation that is initiating the acylation on the aro-
matic ring. Several solid Brønsted acid catalysts were able to efficiently catalyze 
this reaction; the most recent examples use Nafion-H/silica-nanocomposite.119 
The catalyst showed significantly higher activity than its precursor Nafion-H or 
the simple Nafion-H/SiO2 catalyst. Another significant difference is that while 
Nafion-H produced only phenol (95%) and 4-hydroxyacetophenone (5%), the 
nanocomposite material gave all possible rearranged products (Scheme 36). 
More importantly, 4-hydroxyacetophenone was formed in moderate yield but 
with exclusive selectivity using the nanocomposite catalyst in the presence of 
excess phenol. The same reaction was later studied on bridged periodic meso-
porous organosilica structure (PMO) functionalized with anchored sulfonic 
acid. The catalysts afforded high reaction rates usually yielding high para/ortho 
ratios.59

The photo-induced Fries rearrangement of phenolacetate and benzoate was 
catalyzed by zeolites (X, Y, ZSM-5 and ZSM-11) in order to obtain hydroxy-
acetophenones and hydroxybenzophenones (Scheme 37). The X and Y zeolites 
gave the 2-isomer as the predominant product. In contrast, ZSM-5 zeolite gave 
substantial amount of the 4-isomer. Moreover, in the case of hydroxyacetophe-
none the 4-substituted isomer became the major product.133

SCHEME 36  Nafion-H/silica nanocomposite-catalyzed Fries rearrangement.
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3.5.4  Friedel-Crafts cycliacyalkylations

The cycliacyalkylation reactions are a unique combination of separate alkyla-
tion and acylation reactions carried out on the same aromatic ring with a biden-
tate substrate that can facilitate both types of reactions. Such reactions are well 
known under superacidic conditions.189 In recent attempts, however, solid acids 
were also able to catalyze such reactions providing a green tool for the synthesis 
of bicyclic compounds.

Silica-supported silicotungstic acid (H4SiW12O40/SiO2, approximately 20–
40 wt%) appeared to be an efficient catalysts in the reaction of p-xylene with γ-
butyrolactone or vinyl acetic acid for the formation of 5,8-dimethyl-α-tetralone 
or 3,4,7-tetramethyl-α-indanone, respectively (Scheme 38).190 The authors pro-
posed a step-by-step mechanism, involving an initial alkylation of p-xylene with 
the CC double bond, followed by an intramolecular cycliacylation reaction.

SCHEME 37  A zeolite-catalyzed photochemical Fries rearrangement.

SCHEME 38  Silica supported heteropoly acid-catalyzed cycliacyalkylations.
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In another example, the Friedel-Crafts cycliacyalkylation between different 
aromatic compounds and α,β-unsaturated carboxylic acids was investigated in 
the presence of H-USY zeolite (Scheme 39). As the zeolite also served as a solid 
medium for the reaction, an excess of it was required and the cyclic ketones 
were isolated in moderate to good yields. The catalysts could be recycled up to 
three times.191

3.5.5  Halogenation

The direct halogenation of aromatic compounds by molecular halogens is a con-
venient way to prepare halogenated aromatics.192 The reaction is commonly 
catalyzed by Lewis and Brønsted acids; however, the halogens are typically 
restricted to chlorine and bromine. Iodine exhibits low activity in such reac-
tions, while fluorine is too active and fluorinated aromatics are mostly prepared 
by indirect methods. Halogenating agents include molecular Cl2, and Br2, and 
several activated derivatives such as N-chloro- and N-bromosuccinimide (NCS, 
NBS), trichloroisocyanuric acid (TCCA), tribromoisocyanuric acid (TBCA), 
and many others.193 It is worth noting that while elemental I2 or F2 is not suf-
ficient for direct halogenation, activated I-containing or tamed F-containing 
reagents (e.g., N-iodosuccinamide (NIS) or Selectfluor) are available for the 
preparation of iodinated and fluorinated aromatics. Table 9 summarizes relevant 
representative examples or aromatic halogenations.

As Table 9 indicates, a broad variety of aromatics from simple benzene de-
rivatives to multiring systems and heteroaromatic compounds can be haloge-
nated by heterogenous catalytic methods. It is worth noting that in contemporary 
halogenation reactions, the halogenating agent is scarcely molecular halogen, 
the use of different activated halogen-containing compounds dominates these 
protocols. The catalysts also belong to a wide range of materials. These include 
zeolites, natural, synthetic, and modified alike, mesoporous molecular sieves, 
surface-modified silica-based materials, and neat metals, metal salts, and com-
plexes. In most cases the reactions yield monohalogenated products, with vary-
ing selectivities. Monosubstituted benzenes typically afford the para-isomer as 
a major product; the selectivity is dependent upon electronic and steric effects.

As of individual examples, the chlorination of aromatic compounds was per-
formed using various types of zeolites. One of them, the proton-exchanged zeo-
lite X, catalyzed the chlorination of toluene at ambient temperature in different 

SCHEME 39  A zeolite-catalyzed cycliacyalkylation.
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TABLE 9  Solid acid-catalyzed halogenation of aromatics.

Entry Aromatics Catalysts/conditions Product Yield (%) Selectivity Ref.

1 Aromatics (toluene, 
nitrobenzene)

FAU, EMT zeolites, TCCA, gas 
phase, N2 flow, 150°C

Up to 
100

Toluene: o/p: 0.95–1.22
Nitrobenzene: up to 97% for 
monochlorinated product

194

2 Substituted benzenes H-BEA, H-Beta zeolites, TCCA, 
NBS, NCS, NIC, 20–120°C, 30 min

Substituted chloro-, bromo-, 
and iodo-benzenes

37–100 84%–100% monohalogenation, 
p/o ratio: 3 to 0.5

195, 
196

3 Anthracene, substituted 
naphthalenes and 
benzenes

TCCA, TBCA, 0.5–6 h, solvent-free 
mechanochemical activation

Mono- and dihalogenated 
(mixed Br, Cl) products

31–96 High selectivity for the 
expected products

197

4 Substituted benzenes and 
naphthalene

Ag/HMB, NBS, 25–100°C, 16 h, 
dichloroethane

Monobrominated product 81–100 2/4 = 1/3 to 1/18; 3/4 = 4/1 198

5 Substituted benzenes, 
naphthalene, pyridine

CuAl2F8, HF and O2, 500°C Monofluorinated products 4–61 High monofluorination 
selectivity

199

6 Substituted benzenes NH4VO3, H2O2, TBAB, CHCl3, RT, 
15 min–5 days

Various monobrominated 
products

80–99 High monobromination 
selectivity and regioselectivity

200

7 Substituted aromatics, 
hetero-aromatics

Sulfonic acid functionalized silica, 
NBS, neat, RT, 5–180 min

Various monobrominated 
products

69–99 Often exclusive selectivity for 
4-Br products

201

8 Substituted phenols {[Mn2Cu(idbt)2(H2O)2]·3H2O}n, 
NBS, NCS, MeCN, 90°C, 6 h

Monohalogenated products 91–95 The 4-halogenated product 
formed selectively in all cases

202

TCCA, trichloroisocyanuric acid; TBCA, tribromoisocyanuric acid; NBS, N-bromosuccinimide; NCS, N-chlorosuccinimide; NIS, N-iodosuccinimide; HMB, mesoporous molecular sieve; TBAB, 
tetrabutyl ammonium bromide; idbt, 5,5-(1H-imidazole-4,5-diyl)-bis(2H-tetrazole).
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solvents using tert-butyl hypochlorite as a halogenating agent (Scheme 40).203 
The solvent effect appeared to be an important factor for the selectivity as well 
as the conversion. The best results in terms of both yield and selectivity were 
obtained in ether, probably due to its polarity that is believed to stabilize the 
oxonium intermediate and aid the selectivity. Tetrachloromethane also provided 
high yields; however, both solvents cause many health and environmental issues 
that tempers the enthusiasm toward their use. A similar electrophilic chlorina-
tion of arenes with trichloroisocyanuric acid over acidic zeolites has been de-
scribed by Mendon et al. Trichloroisocyanuric acid (TCCA) reacted with arenes 
and its reactivity was highly affected by the acid strength of the reaction me-
dium.204 Deactivated arenes were also efficiently chlorinated.

A ZnO-H-beta-25 catalyst mixture was effectively applied for the bromina-
tion of di- and trinitro-stilbenes, under mild conditions using Br2 as a brominat-
ing agent.205 Commonly, one ring of the stilbene contained the nitro groups, 
highly deactivating that ring where bromination never occurred. The site of bro-
mination depended on the substituents on the other ring. In the case of activating 
substituents the bromination occurred on the aromatic ring, while deactivating 
substituents (even as weak as halogens) will inhibit the electrophilic aromatic 
substitution and electrophilic addition to the CC was the dominant outcome 
(Scheme 41).

SCHEME 40  Zeolite-catalyzed chlorination of toluene.

SCHEME 41  Heterogeneous catalytic bromination of polynitro-stilbenes.
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The halogenation of aromatics, focusing on 2-arylpyridines, with N-
halosuccinimides was successfully achieved by Pal et  al. using a Cu-MnO 
catalyst, in a photonically activated reaction (Scheme 42).206 The halogenation 
could be carried out by the three common succinimide derivatives, NCS, NBS, 
and NIS. The halogen introduction occurred in the 2-position of the aryl group, 
in contrast, the pyridine ring did not undergo halogenation. The same group ex-
tended the use of this process to halogenation of anilides and quinoline deriva-
tives. In the latter case, the halogen was selectively introduced to the carbocyclic 
ring, the heterocycle appeared resistant to the reaction, in agreement with the ar-
ylpyridine starting materials.207 A similar process with arylpyridine derivatives 
has also been carried out by using a polymer (mainly divinyl-benzene-styrene 
copolymer) anchored Pd complex.208 The yields in both cases were moderate to 
high and the catalysts could be recycled.

3.5.6  Nitration

Nitration is an important reaction as it opens up new synthetic pathways to, for 
example, amines and other fine chemicals.209–212 Several works have reported 

SCHEME 42  Halogenation of 2-arylpyridines catalyzed by Cu-MnO (A) and a polymer-anchored 
Pd complex (B).
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successful nitration of aromatics over a broad variety of solid acid catalyst, in-
cluding zeolites and metal oxides, in attempts to substitute the concentrated 
acidic solution mixture (nitric and sulfuric acids) that is traditionally employed 
for this reaction type.213, 214 Representative examples for the heterogeneous cat-
alytic nitration of aromatic compounds are presented in Table 10.

As Table 10 indicates, a notoriously dangerous and corrosive reaction me-
dium, the HNO3 - concentrated (cc) H2SO4 mixture, has been successfully re-
placed by a broad variety of solid acid-catalyzed protocols. It is worth noting 
that while the reagents used in these methods are less harmful or dangerous, e.g., 
simple aqueous nitric acid or variety of nitrous gases, they still represent consid-
erable problems environmentally. The use of nitrate salts, such as Cu(NO3)2 or 
AgNO3, is a step in the right direction (Table 10, entries 1, 4). They are mostly 
used in excess and the recycling of the unspent acid or gas is challenging. The 
most commonly used catalysts include metal oxides, zeolites, clays, heteropoly 
acids and their salts, in addition to a large group of immobilized acids on a va-
riety of supports. A few current examples later indicate that nitration is still of 
interest, and the search for greener methods is currently ongoing.

Kumar et  al. developed a microwave-assisted solvent-free solid acid-
catalyzed nitration protocol for the synthesis of nitroaromatics. The authors 
used a silica-supported perchloric acid or bisulfate as their catalysts of choice 
(Scheme 43).236 A forward-looking aspect of the methodology is the application 
of NaNO2 as the nitrating agent, which provided excellent yields in short reac-
tions. The data showed that the perchloric acid-based catalyst performed better 
than the bisulfate one due to its low nucleophilicity and higher acidity. The 
catalyst was prepared by a simple procedure and was reused in four consecutive 
cycles without a significant drop in its activity.

Wang et al. prepared a series of Keggin heteropoly acid anion-based amphi-
philic salts supported on nanosize metal oxides to be applied as catalysts in the 
nitration of aromatics. Aqueous HNO3 served as the nitrating reagent. The nitra-
tion of toluene was used as a test reaction to optimize the reaction conditions, 
producing 93% conversion and good para selectivity (o:p = 1:9).223 The proto-
col appeared to have a broad substrate scope, including aromatics with electron-
donating and electron-withdrawing substituents alike. It is worth noting that 
even nitrotoluene and nitrochlorobenzene afforded acceptable yields. The over-
all conversion range was 60%–100%. The lowest yield (12%, with 90% para-
selectivity) was obtained with the notoriously unreactive nitrobenzene.

A sol-gel method was used for the preparation of several WO3/SiO2 cata-
lysts. Ammonium metatungstate (a WO3 precursor) and ethyl silicate-40 (ES-
40, a SiO2 precursor) were applied during the synthesis.237 The procedure 
resulted in the formation of well-dispersed WO3 nanoparticles with the aver-
age size of 2–5 nm on the surface of the mesoporous silica. The 20 wt% WO3/
SiO2catalyst was found to exhibit the strongest acidity, which was characterized 
as a combination of both Lewis and Brønsted acid centers. The catalysts were 
highly active in the liquid-phase nitration of aromatics when 70% nitric acid 
was used as the nitrating agent. The conversion was close to quantitative (99%) 
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TABLE 10  Solid acid-catalyzed nitration of aromatics.

Entry Aromatics Catalysts/conditions Product Yield (%) Selectivity Ref.

1 Activated 
aromatics

WO3/SiO2, or PdO2/SiO2, 70% 
aq. HNO3 or Cu(NO3)2 90°C, 
ethylene dichloride, 5.3–8 h

Mononitro 
products

55–100 The 2-NO2 products dominate 
(WO3), 2/4 ratio ~ 1 except 
tertbutylbenzene

215–217

2 Substituted 
benzenes

SO4
2 −/ZrO2-MxOy-Fe3O4, 

95% aq. HNO3, CCl4, Ac2O, 
100–700°C, 1.5 h

Substituted 
mononitro 
benzenes

70–100 (conversion) Selective mononitration, high 
4-NO2 selectivity

218

3 Xylenes MoO3/SiO2 supported H3PO4, 
65% aq. HNO3, RT-80°C, 2.5 h

Mononitro-
xylenes

62–100 High selectivity for the 2-NO2 
products

219

4 N-aryl anilines Co(OAc)4 × 4 H2O, AgNO3, 
80°C, 60 h, THF

Mononitrated 
products

70–92 Exclusive 2-nitration on the 
aniline ring

220

5 Toluene Cs2.5H0.5PMoO40, 70°C, 10 h;
20 wt% KHSO4/diatomite, nitric 
acid

Mononitrated 
products

Up to 100 2-/4-nitro = 1.3
2/3/4 = 40:5:55

221, 222

6 Substituted 
benzenes

[bmim]3PW12O40 on SiO2, 65% 
aq. HNO3, 50°C, 3 h

Mononitro 
products

61–99 High 4-NO2 selectivity except 
phenol

223
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7 Substituted 
aromatics

PEG200-based dicationic acidic 
ionic liquid, N2O5, CCl4, 50°C, 
2 h

Various 
mononitrated 
products

78–97 High 2- and 4-NO2 selectivity, 
depending on the aromatic 
compound

224

8 Substituted 
benzenes, 
naphthalenes, 
anthracenes

H3PO4 modified 
montmorillonite, 65% aq. 
HNO3, RT-50°C, 0.5–24 h

Mononitrated 
products

35–97 2–4 ratio = 0.92–0.11 225

9 Benzene Mesoporous silica-immobilized 
FeCl3, NO2 gas, 60–120°C, 
0.5–24 h

Nitrobenzene Up to 99% conversion > 99% for nitro-benzene 226

10 Phenol Zeolites H-beta, ZSM-5, NaY, 
silicotungstic acid supported 
zirconia, H3 + xPMo12 − xVxO40, 
sulfated titania, nanosized 
tungsten oxide supported on 
sulfated SnO2, TiO2-SiO2 mixed 
oxide supported MoO3 dilute or 
fuming HNO3, RT-400°C, 1–2 h

Mononitrated 
products

Up to 99% conversion 4-NO2 product dominates, 
in many cases remarkable 
2-selectivity
2 vs 4 selectivity depends on 
the reaction temperature

227–235
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and the product 2-nitro-p-cresol was obtained with very high selectivity (99%). 
The water formed during the reaction was removed azeotropically. Applying 
o-xylene as a substrate, 74% conversion was observed and the product 4-nitro 
o-xylene formed with 54% selectivity.

3.5.7  Sulfonation

Sulfonation of organic compounds is an important process, as many aryl sul-
fonic acids fulfill vital roles in organic chemistry as acid catalysts that are sol-
uble in typical organic solvents, or they are used in the preparation of solid 
acids, sulfonic acid chlorides, and sulfonamides or simply as easily removable 
placeholders in synthesis design.238–240 Although the overwhelming majority of 
sulfonation reactions is carried out with simple cc. H2SO4, several alternative 
processes have been developed that can serve as greener replacements to the 
corrosive and dangerous sulfuric acid. Many of these processes apply solid cata-
lysts to address these problems.

A green sulfonation of substituted benzenes was developed by Hajipour 
et al., using a silica-bound sulfuric acid complex material, SiO2-SO3H (Scheme 
44). As one of the least green features of the protocol, 1,2-dichloroethane was 
used as a solvent. It is worth mentioning that the reaction readily occurs un-
der solvent-free conditions as well. In fact, the solvent-free reaction was much 
more effective than the one carried out in solvent. A broad scope of aromatics 
(benzene derivatives and naphthalene) with electron-donating and moderately 
electron-withdrawing substituent were evaluated in the reaction. As a drawback, 

SCHEME 43  Nitration of aromatics by silica-supported nitrating reagents.

SCHEME 44  Sulfonation of benzene derivatives and naphthalene with SiO2-SO3H.
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the silica-bound solid sulfuric acid was rather a reagent than a catalyst as it 
was consumed in stoichiometric amount.241 A similar silica-supported HClO4 
and KHSO4 catalysts were applied in the green sulfonation of aromatics under 
a solvent-free microwave-assisted protocol. The microwave reactions occurred 
in significantly shorter times (3–5 min) than the reactions under conventional 
conditions (3–5 h). The catalyst was found to be recyclable up to four times.242

As a general trend, a sulfuric acid derivative commonly serves as the re-
agent, and the main focus of the new advances is to develop new catalysts via 
sulfonation. Many of these catalysts are green alternatives, such as carbon-
bound SO3Cu243 or sulfonated graphitic nitride.244

3.5.8  Conclusions and outlook

The earlier presented results clearly indicate that the aromatic electrophilic sub-
stitution, including Friedel-Crafts and related reactions, is an essential, impor-
tant part of contemporary organic synthesis whether it is about a CC bond 
forming reaction or the introduction of halogen or nitro substituents. The trends, 
however, appear to change. A large majority of the protocols published in the 
past two decades apply solid acids as catalysts for these reactions following the 
worldwide push for the development of green and environmentally more be-
nign industrial practices. A future extension on the development of these green 
protocols is anticipated with the parallel decline in the application of traditional 
catalysts and gradually, the outdated processes will be replaced by more envi-
ronmentally benign methods that fulfill the current needs.
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Chapter 3.6

Cross-coupling reactions 
for environmentally benign 
synthesis

3.6.1  Introduction

In this chapter we will focus on coupling reactions that by the assistance of a 
metal catalyst selectively fuse together two different reaction partners, hence 
the name cross-coupling reactions. Cross-coupling reactions have been in the 
focus of attention and have experienced a series of improvements since their 
first discoveries in 1970s.1, 2 A large array of substrates was explored since these 
initial reports opened new vistas for the selective transformation of one func-
tional group in the presence of others. As these reactions allow for the selective 
placement of a CC bond, they have earned their place as an indispensable tool 
for the synthesis of organic compounds. These developments have culminated 
in the 2010 Nobel prize being awarded to Heck,3 Negishi,4 and Suzuki5 for their 
work on palladium-catalyzed cross-coupling reactions.6, 7

From the point of view of green chemistry applications, some cross-coupling 
reactions are more interesting than others. While all benefit from the fact that 
they are catalytic reactions, the nature of the substrate makes some of the reac-
tions, such as the Stille coupling producing toxic tin waste, less attractive com-
pared to, e.g., the Heck reaction that produces 1 mol of hydrogen halogenide by 
product. With the recent development toward more and more environmentally 
benign methods, other aspects of cross-coupling reactions do attract increasing 
focus of attention. This includes factors such as the choice of the catalyst, the 
solvent, or the heating method. Traditionally performed cross-coupling reac-
tions use a homogeneous catalyst, mostly a metal complex with palladium as 
the active metal center. While these catalyst benefit from a relatively easy tun-
ing of the catalytic properties by ligand exchange, they are sensitive and often 
suffer from catalyst degradation and thus catalyst recovery and recyclability are 
limited. Heterogeneous catalysts, in contrast, often exhibit enhanced stability 
and can be more easily separated and recycled although their tunability is often 
challenging. Another benefit of using solid catalysts is the possibility of apply-
ing continuous flow reactor systems that are common in the chemical industry 
and allow uninterrupted production.
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The present chapter focuses exclusively on the application of heterogeneous 
catalytic systems for cross-coupling reactions and examples that appeal to the 
concept of green chemistry were selected. Due to the large number of publica-
tions in the field an exhaustive summary is not possible, rather selected exam-
ples from the last two decades are presented here. More examples for the use of 
heterogeneous catalysts in cross-coupling chemistry can be found in previously 
published review and opinion articles.8–19

3.6.2  The Heck coupling

The Heck or Mizoroki-Heck reaction was among the first cross-coupling reac-
tions being described.1 The reaction is used to create a bond between an aro-
matic carbon and the terminal carbon of an alkene using a palladium catalyst. 
While the traditional Heck coupling applies homogeneous systems with metal 
complex catalyst, the growing environmental consciousness initiated a push for 
the development of greener reaction systems. These changes generated more 
attention toward heterogeneous catalytic processes and in this particular case, 
the heterogenization of the traditional catalysts to improve stability and promote 
recyclability.16, 18, 20 The catalysts used range from relatively simple palladium 
nanoparticles to more complex systems where palladium ions are tethered to 
a support such as MCM-41. In addition to the choice of the catalyst, the sol-
vent used plays another important role. Often used solvents such as dimeth-
ylformamide (DMF) do not conform with the principles of green chemistry 
and other, greener alternatives are being considered.21 Alternatively, research to 
omit the solvent completely and carry out the reaction under neat or solvent-free 
conditions has been performed and the results are presented later in the chapter.

3.6.2.1  Heck reactions using a heterogeneous catalyst in 
solution

When carried out in solvents, the solubility of the substrates can significantly 
affect the outcome of the reactions. Roberts et al. completed a study on the reac-
tivity of different acrylates for the Heck reaction in water as the solvent.22 Using 
a Pd-phosphine-cholate aggregate with a large hydrophobic area as the catalyst 
the authors found that acrylates with lower water solubility perform better than 
those with high solubility, probably due to the surfactant effect of the catalyst. 
Substrates with a lower water solubility are expected to have a higher local 
concentrations in the vicinity of the catalyst and thus exhibit better reactivity. A 
variety of substrates with more lipophilic properties were tested and good yields 
were obtained.

In general, the solvent-based approach is the most common in executing 
the Heck reactions using a broad group of substrates and catalysts. Relevant 
selected examples are tabulated in Table 1.
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TABLE 1  Heterogeneous catalytic Heck reactions in solvents.

Entry Catalyst Additive Conditions Halide (X) R2
% 
Yield

Recycl. 
(times) Ref.

1 Pd/CuFe2O4 K2CO3 DMSO, 
120°C

I CO2Me, CO2Et, CO2tBu, 
Ph, 4-BrPh

62–99 5 23

2 Pd-Ni NPs K2CO3 H2O/EtOH, 
120°C, MW

I, Br, Cl CO2Et, Ph 81–88 5 24

3 Tetraimine-Pd NPs K2CO3 H2O, 90°C I, Br CO2Bu, Ph 84–96 8 25

4 Pd-imi@MCM-41/
Fe3O4

Na2CO3 PEG-400, 
120°C

I CO2Me, CO2Bu, CN 88–98 6 26

5 Pd(II)@MCM-41 NEt3 NMP, 110°C I CO2Me 92 6 27

6 IRMOF-3-Pd NEt3 DMA, 140°C I CO2Me 100 3 28

7 Pd NPs@NHC@ZIF-8 NEt3 DMF/H2O, 
110°C

I, Br, Cl CO2Me, CO2Et, CO2Bu, 
Ph, CN

54–95 3 29

8 PdNP/α-ZrPK NEt3 H2O/CH3CN, 
80°C

I CO2Me, Ph 67–98 6 30

9 TiO2@Pd NPs NEt3 DMF, 140°C I, Br CO2Me, CO2Et, CO2Bu, 
Ph

56–94 5 31

10 Fe3O4@Silica-
Threonine-Pd(0)

NEt3 H2O, 80°C I, Br CO2Me, CO2Et, CO2Bu 85–96 6 32

Continued
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11 Pd@Fe3O4@PCA-b-PEG K2CO3 H2O, 90°C I, Br CO2H, CO2Me 85–99 10 33

12 γ-Fe2O3/AEPH2-TC-Pd K2CO3, TBAB H2O, 65°C I, Br CO2Me, CO2Bu 79–98 8 34

13 Pd-phosphinite NaOH H2O, 80 or 
95°C

I, Br CO2Bu, Ph 72–90 6 35

14 Biohybrid catalyst NEt3 DMF/H2O, 
80°C

I CO2Et 99 5 36

15 Pd-NHC-surfactant NEt3 H2O, 70°C I, Br CO2Me, Ph 35–91 – 37

16 Corn-cellulose-Pd NEt3 DMF or 
EtOH, 130°C 
or RT

I, Br, 
N2

+ BF4
−

CO2Me, CO2Bu, 
CONHiPr, Ph

77–97 5 38

17 Sporopollenin-Pd NEt3 NMP, 100°C I, Br CO2Me, CO2Bu 75–99 – 39

18 MPCS-TI/Pd NEt3 DMF/H2O, 
110°C

Br, Cl CO2Me, CO2Et, Ph, Ph-R 69–96 6 40

19 Pd-CS/PVA nanofibers NEt3 DMSO, 
110°C

I CO2Me, CO2Bu, Ph 89–98 18 41

20 PNP-SSS K2CO3 H2O, reflux I, Br, Cl CO2Et, CO2tBu, Ph, Ph-R 55–95 5 42

Entry Catalyst Additive Conditions Halide (X) R2
% 
Yield

Recycl. 
(times) Ref.

TABLE 1  Heterogeneous catalytic Heck reactions in solvents—cont’d
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21 PS-PEG-terpyridine Pd DBU H2O, reflux I, Br Ph, Ph-R 37–99 3 43

22 Pd/HNT NEt3 EtOH, 100°C I CO2Bu, Ph, Ph-R 58–81 4 44

23 Pd@rGO K2CO3 DMF/H2O, 
120°C

I, Br CO2Me, CO2Et, Ph 89–99 5 45

24 Pd/salen@MWCNTs NEt3 DMF, 130°C I, Br CO2Me, CO2Et, CO2Bu, 
Ph, Ph-R, CN

76–96 3 46

25 Pd/SiO2 modified with 
chlorosilanes

NaOAc NMP, 150°C Br, I Ph, CO2Me 19–
100

3 47

26 Pd/montmorillonite Na2CO3 150–160°C, 
3 h

Cl, Br Ph, 55–89 3 48

CS, chitosan; HNT, halloysite nanotubes; MOF, metal-organic framework; NP, nanoparticle; PNP-SSS, palladium nanoparticles on silica-starch substrate; PVA, poly(vinylalcohol); rGO, 
reduced graphene oxide.
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Subrahmanyam et  al. designed a catalyst based on Pd/CuFe2O4 hybrid 
nanowires and used it for the Heck reaction between aryl iodides and styrenes/
acrylates in DMSO.23 Several electron-donating and electron-withdrawing sub-
stituents are well tolerated and the products are formed in high yields (Table 1, 
entry 1). Although the electronic nature of the substituents seems to be less 
important with regard to the product yield, it was found that substituents in the 
ortho position of the aryl halide dramatically decrease the yield of the trans-
formation. The catalyst could be recycled five times with only a small drop in 
yield. In an extension of the work, the catalytic system was also used for the 
formation of dihydrochalcones via the Jeffrey-Heck reaction of phenylvinyl al-
cohol with iodoarenes.

Using a related catalyst system, the group of Chaudhary was able to per-
form the Heck reaction in a water-ethanol mixture.24 The authors generated 
well-defined Pd-Ni alloy nanoparticles using a surfactant methodology. High 
product yields were obtained for the coupling of styrene or ethyl acrylate with 
haloarenes. Iodo-, bromo-, and chloroarenes were suitable substrates and sub-
stituents with varying electronic nature were tolerated (Table 1, entry 2). In ad-
dition to the use of a green solvent mixture and the recyclability of the catalyst 
(five times), the use of microwave heating and short reaction times also helps to 
reduce the energy consumption of the reaction.

Asadi and coworkers used palladium nanoparticles with tetraimine ligand 
system for the Heck reaction.25 The variety of aryl iodides and aryl bromides 
was coupled with either butyl acrylate or styrene using water as the solvent. The 
yield for the reaction was high for all examples shown and neither the electronic 
nature nor the position of the substituent resulted in significant variations in the 
product yield (Table 1, entry 3). The product yield appears stable when the cata-
lyst is recycled; the authors showed that a notable amount of palladium leaches 
into the reaction mixture after several reuses of the catalyst.

Acrylonitrile, methyl and butyl acrylate were successfully coupled with 
aryl iodides in the presence of a Pd-imidazole complex supported on magnetic 
MCM-41 (Pd-imi@MCM-41/Fe3O4).

26 PEG-400 was used as the solvent and 
the catalyst could be recycled six times with only a slight decrease in yield 
(Table 1, entry 4). Unfortunately, only substrates bearing electron-donating sub-
stituents were reported by the authors.

Fan and coworkers showed that the Heck reaction between iodobenzene and 
methyl acrylate can be catalyzed using PdCl2 immobilized on functionalized 
MCM-41.27 The reaction is performed in NMP as solvent using NEt3 as the base 
(Table 1, entry 5). Even though no other substrate examples were reported for 
this catalyst and NMP is not considered a green solvent, the system benefits from 
a high catalyst stability with no significant loss in catalytic activity and no sig-
nificant Pd leaching observed. A similar report also used NMP as a solvent, with 
organically derivatized silica-supported Pd catalyst (Table 1, entry 25), confirm-
ing that although NMP is not a green solvent, it does not promote the leaching 
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of Pd into the solution. Later, the same group reported the extensive character-
ization of the catalysts, and found that the introduced surface functional groups 
significantly affected the catalytic activity.49 Another related report described the 
preparation and application of ligand-free MCM-41-supported Pd catalysts in 
the Heck reaction. Unlike the above-mentioned MCM-supported sample, these 
catalysts had a broad substrate scope, including deactivated aryl bromides. As ad-
ditional benefits, the catalysts gave high yields and selectivities; showed unprec-
edented stability under regular conditions (air, moisture) and could be recycled 
20 times with stable activity and selectivity, without applying any reactivation 
treatment.50 The same group extended these studies to silica-immobilized Pd 
nanoparticle-based catalyst as well that were deposited in the presence of an 
ionic liquid. The catalyst gave mostly excellent yields and selectivity.51

Murzin et al. used IRMOF-3 to stabilize palladium nanoparticles (IRMOF-
3-Pd) and showed its applicability by performing the coupling of iodobenzene 
and methyl acrylate.28 The reaction had to be performed in dimethylacetamide 
(DMA) as the solvent and high reaction temperatures were required (Table 1, 
entry 6). Although the base reaction delivers the product in quantitative yield 
and the catalyst could be recycled for three times without losing its activity, the 
scope of the presented method is drastically limited by the fact that no other 
substrates were tested.

A more widely applicable system was developed by the group of Azad 
et al.29 The authors used palladium nanoparticles stabilized in a zeolitic imidaz-
olate framework (Pd NPs@NHC@ZIF-8) for the Heck coupling between vari-
ous aryl halides and acrylates as well as styrene in a DMF/H2O solvent mixture 
(Table 1, entry 7). The array of substituents contains electron-withdrawing and 
electron-donating groups for the aryl halide. Although the electronic nature of 
the substituents only plays a minor role in determining the product yield, it was 
found that aryl chlorides require substantially longer reaction times and deliver 
lower yields than iodides or bromides.

Vaccaro et  al. used a new catalyst based on palladium nanoparticles de-
posited on layered potassium α‑zirconium phosphate (PdNP/α-ZrPK) for the 
Heck reaction.30 Different aryl iodides with electron-donating and electron-
withdrawing substituents are efficiently coupled to methyl acrylate or styrene in 
high yields (Table 1, entry 8). The reaction uses a H2O/CH3CN solvent system 
and was operated under flow conditions allowing for an easy catalyst recycling 
(six times without loss of activity).

A conceptionally more simple catalyst prepared from TiO2@Pd nanoparti-
cles was employed for the Heck coupling as well.31 No ligand for the palladium 
was needed when aryl iodides and aryl bromides were reacted with styrene and 
different acrylates (Table 1, entry 9). The products are mostly obtained in high 
yields and the catalyst could be recycled five times while maintaining its activ-
ity. Unfortunately DMF had to be used, and thus the solvent increases the envi-
ronmental impact of the reaction.
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A magnetically separable Fe3O4@Silica-Threonine-Pd(0) nanoparticle-
based catalyst was also found to be effective in the Heck reaction.32 A variety of 
substituted aryl iodides and bromides are easily coupled with different acrylates 
using water as the solvent (Table 1, entry 10). While there was little difference 
in the use of bromide vs iodide derivatives, the authors showed that chlorides 
react poorly under the employed conditions. The products are obtained in high 
to excellent yields in all cases. Recycling experiments showed that a notable 
drop in yield is observed after the sixth reuse of the catalyst.

A new magnetite-based semiheterogeneous catalyst was developed for 
the Mizoroki-Heck reaction. The Fe3O4 nanoparticles were modified with a 
poly(ethylene glycol)-block-poly(citric acid) copolymer which could incorporate 
and stabilize the palladium nanoparticles and also served to solubilize the particles 
in a variety of solvents.33 The heterogeneous aspect is generated by the magnetic 
properties of the core material, allowing for an easy separation by application of 
an external magnetic field. Aryl halides with a variety of electron-withdrawing 
and electron-donating substituents were reacted with methyl acrylate or acrylic 
acid in water as solvent (Table 1, entry 11). The products were obtained in high to 
excellent yields in the case of iodides and bromides; it was found that when chlo-
rides were used only low product yields were obtained. Recycling of the catalyst 
could be easily achieved 10 times with only a slight loss in activity.

A similar magnetic nanoparticle-based catalyst was developed by using 
Fe2O3. A thiophene methanimine Schiff base was tethered to the particle and 
used to complex a palladium ion and form the active catalyst (γ-Fe2O3/AEPH2-
TC-Pd).34 A variety of aryl iodides and bromides with substituents of differ-
ent electronic nature were coupled with methyl and butyl acrylate in water as 
the solvent (Table 1, entry 12). The products were obtained in high yields and 
the catalyst could be recycled eight times with only a slight loss in activity. 
Unfortunately the use of chlorides gave significantly lower yields and required  
much longer reaction time. More importantly, a phase transfer agent had to be 
used, thus increasing the environmental impact of the reaction.

A heterogeneous catalyst was formed by Firouzabadi et al. through the reac-
tion of Pd(OAc)2 with a phosphinite ligand in water.35 The obtained black ma-
terial was able to facilitate the coupling of aryl halides with butyl acrylate and 
styrene in good yields in water as the solvent (Table 1, entry 13). The authors 
could demonstrate that iodides, bromides, and chlorides can be used as sub-
strates but the latter ones usually only give low yield. The catalyst was recycled 
six times with only a minimal decrease in product yield.

Palomo et al. designed a catalyst based on palladium nanoparticles incorpo-
rated in semisynthetic lipase.36 This biohybrid catalyst was tested for its activity 
by performing the Heck coupling of iodobenzene and ethyl acrylate (Table 1, 
entry 14). The reaction was carried out in a DMF/H2O mixture at a moder-
ate temperature (65°C). Although the reaction could be performed with various 
DMF-water ratios, it was found that 10% water gives the best yield. Recycling 
of the catalyst was possible five times with only a slight loss in yield.



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

Heterogeneous catalytic cross-coupling reactions  Chapter | 3.6  387

A surface-active Pd-NHC complex was used as catalyst by Taira et al. as a 
catalyst for the Heck reaction.37 The unusual combination of substituents for 
the NHC complex was chosen to ensure high solubility of the organic substrates 
in water. Aryl iodides with different substituents were successfully coupled to 
styrene and methyl acrylate in good yields (Table 1, entry 15). The use of other 
halides proved to be less successful. While bromides could be converted (albeit 
with a dramatically decreased yield), no reaction was observed when aryl chlo-
rides were employed. A drawback of the reaction is the decomposition of the 
catalyst during the reaction; it was not possible to recycle the catalytic system. 
A similar complex has been immobilized on silica support as well, providing 
comparable characteristics.52

Cellulose, derived from corn-cob biowaste, was used as support for a 
poly(hydroxamic acid) palladium complex to generate an efficient catalyst for 
the Heck and Heck-Matsuda reaction.38 Aryl iodides and bromides were ef-
ficiently coupled with different acrylates or styrene using DMF as the solvent 
(Table 1, entry 16). The catalyst can be recycled five times before a notable drop 
in yield is observed. The catalyst system is also suitable for the Heck-Matsuda 
reaction of diazonium tetrafluoroborates using ethanol as solvent. Both systems 
tolerate electron-withdrawing and electron-donating substituents on the halo-
arene reaction partner.

A different natural support was used by Keles. Sporopollenin was function-
alized with a Schiff base that served to complex and heterogenize Pd(II) ions.39 
The obtained catalytic system was effective for the coupling of iodo- and bro-
mobenzene and bromotoluene with methyl/butyl acrylate (Table 1, entry 17). 
The disadvantage of the system is that NMP was used as the solvent and the 
catalyst showed poor recyclability (15%–20% drop in yield after first run).

Movassagh and Rezaei were able to generate a catalyst from another natu-
ral polysaccharide chitosan. A functionalized chitosan system was tethered 
to an iron oxide core to allow for the catalyst to be magnetically recoverable 
(MPCS-TI/Pd).40 Different substituted styrenes and acrylates were coupled with 
substituted bromo- and chloroarenes in a DMF-water mixture (Table 1, entry 
18). The products were obtained with high yield in the case of bromides; chlo-
rides gave somewhat lower yields. Recycling of the catalyst was possible six 
times with only a slight drop in yield.

A similar support material was used by Shao et al. who embedded palladium 
nanoparticles into chitosan/poly(vinyl alcohol) composite nanofibers (Pd-CS/
PVA nanofibers).41 The Heck reaction between aryl iodides and acrylates/sty-
rene was catalyzed in DMSO as the solvent to yield the products in excellent 
yields (Table 1, entry 19). Although the use of DMSO is not desirable from an 
environmental point of view, it is balanced by the fact that the catalyst could be 
recycled a remarkable amount of 18 times without losing its activity.

A silica starch composite material also proved to be a suitable substrate for the im-
mobilization of Pd nanoparticles (PNP-SSS) as shown by Khalafi-Nezhad and Panahi.42 
The catalyst was used for the coupling of aryl halides and various acrylates/styrenes in 



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

388  Heterogeneous catalysis in sustainable synthesis

water (Table 1, entry 20). It was found that aryl bromides and iodides work significantly 
better than the corresponding chlorides. Electron-donating and electron-withdrawing 
substituents performed similar when placed on the aryl halide. Catalyst recycling was 
not shown for the Heck reaction but the catalyst could be recycled five times when used 
in the Sonogashira coupling (vide infra).

Styrenes have been coupled with aryl iodides and bromides under Heck 
conditions using a polymer-supported palladium complex (PS-PEG-terpyridine 
Pd).43 While there is little difference with respect to the nature of the substitu-
ent, it was found that bromides do not give as high yields as those observed for 
iodides (Table 1, entry 21). Catalyst recycling was tested in three runs and no 
loss in activity was observed.

Using aryl dihalides as substrates the synthesis of p-phenylenevinylene 
oligomers was achieved via the Heck reaction.44 The catalyst used consists of 
palladium immobilized on halloysite nanotubes (Pd/HNT) and ethanol was used 
as the solvent (Table 1, entry 22). The yields obtained varied depending on the 
substrate, but usually surpassed previously known synthetic methods to prepare 
the compounds. Recycling of the catalyst was possible in four consecutive runs 
with only a slight decrease in yield.

Palladium nanoclusters were deposited on reduced graphene oxide 
nanosheets to obtain a catalytic system for the Heck reaction.45 The system 
proved to be highly efficient for the coupling of aryl iodides and bromides with 
styrene and acrylates in a DMF-water mixture as the solvent (Table 1, entry 
23). Both substrates with electron-withdrawing or electron-donating substitu-
ents gave the desired product in excellent yield. The authors could recycle the 
catalyst five times with only a slight decrease in yield.

Movassagh and coworkers used multiwalled carbon nanotubes as support 
to anchor a palladium-salen complex (Pd/salen@MWCNTs) and applied this 
system to the reaction of aryl halides with styrenes or acrylates.46 While a vari-
ety of aryl iodides and bromides with substituents of varying electronic nature 
form the products in high yields, the use of aryl chlorides only gave low conver-
sions (Table 1, entry 24). Although it was necessary to use DMF as the solvent, 
the system benefits from a relatively wide range of alkene substrates that were 
tested and gave the products in high yield. The same group also worked on 
the development of another heterogeneous catalyst for the Heck-Matsuda reac-
tion.53 Anchoring a NHC‑palladium complex on polystyrene resin allowed the 
transformation of arenediazonium salts with acrylates and styrenes to form the 
corresponding coupling product (Scheme 1). Ethanol was used as the solvent 
and the catalyst was recyclable for six times before a notable drop in yield was 
observed.

SCHEME 1  A Pd/PS-NHC-catalyzed Heck reaction of diazonium salts with alkenes.
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Vaccaro’s group used the simple Pd/Al2O3 as catalyst for the Heck-
terminated Catellani reaction of 2-iodomethyl benzoate and several different al-
kenes.54 The reaction yield is highly dependent on the alkene used with methyl 
acrylate working especially well, while acrylonitrile, for example, gives a low 
yield (Scheme 2). The biomass derived and sustainable γ-valerolactone (GVL) 
was chosen as green solvent for the reaction.

3.6.2.2  Solvent-free Heck reactions

While most Heck reactions require the use of a solvent to be effective, there 
are also a number of examples that show that a solvent is not absolutely neces-
sary. Reactions that do not require solvent are considered green even if solvent 
is used for product isolation. Avoiding the use of flammable solvents during 
a heated reaction creates less hazard for the systems and operators. In addi-
tion, the solvent-free feature results in another potential benefit, particularly 
in heterogeneous catalysis; when, due to the lack of solvent, the substrates are 
concentrated on the surface of the catalyst, the higher concentration commonly 
brings about higher reaction rates.

The use of an inorganic support material for palladium ions as catalyst in 
the solvent-free Heck reaction was developed by Mangala et  al.55 Pd(OAc)2 
was successfully immobilized on polycarbosilane (Pd-PCS) and used for the 
reaction between several iodoarenes and acrylonitrile, styrene, or methyl acry-
late and methacrylate as the reaction partners. The corresponding products were 
obtained in good to high yields (Scheme 3) and the catalyst was found to be 
recyclable three times with negligible drop in product yield.

SCHEME 2  The Heck-terminated Catellani reaction of 2-iodomethyl benzoate and several differ-
ent alkenes catalyzed by Pd/Al2O3.

SCHEME 3  A solvent-free Heck coupling catalyzed by polycarbosilane (Pd-PCS)-immobilized 
Pd(OAc)2.
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Fahimi and Sardarian developed an aminoclay decorated with palladium 
nanoparticles stabilized by picolinic acid as efficient catalyst for the solvent-
free Heck reaction.56 A variety of iodo- and bromoarenes were coupled to dif-
ferent acrylates and styrene. Yields were high in most examples, independent of 
the nature of the substituents and the halide used (Scheme 4). While the product 
yield for different aryl halides was not substantially different, it was found that 
bromides and chlorides require a vastly extended reaction time compared to 
iodides. The catalyst could be recycled seven times before a notable loss in 
activity was observed after the 8th run.

A support material for palladium nanoparticles based on renewable re-
sources was developed by Khazaei et al.57 A mixture of dissolved gelatin and 
pectin was treated with PdCl2 to form the desired Pd nanoparticles and the fi-
nal catalyst (PdNP/gelatin/pectin) was obtained after drying of the material. The 
Heck reaction between aryl halides (I, Br) with electron-donating and electron-
withdrawing substituents and butyl acrylate under solvent-free conditions gave 
the desired products in high yields (Scheme 5). Recycling of the catalyst was 
possible three times before a notable drop in yield was observed. The same 
group later showed that a mixture of gum Arabic and pectin can also act as 
a support material for Pd nanoparticles and the obtained catalysts exhibited 
similar performance to the earlier sample in the Mizoroki-Heck reaction under 
nearly identical conditions.58

SCHEME 4  The aminoclay immobilized, picolinic acid stabilized palladium nanoparticles cata-
lyzed solvent-free Heck coupling.

SCHEME 5  A solvent-free Mizoroki-Heck reaction catalyzed by Pd nanoparticles supported on 
gelatin/pectin mixture.
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Karthikeyan et al. utilized an interesting method to combine the features of 
heterogeneous and homogeneous catalysis. Complexation of an amino acid-ionic 
liquid hybrid molecule with Pd(II) generated a catalyst that was soluble in the 
reaction mixture but not in the solvent used for extraction and could thus be eas-
ily separated after the reaction was complete.59 Using this complex the authors 
were able to couple aryl bromides and chlorides with alkenes such as styrene and 
methyl acrylate (Scheme 6). Substituents on the aryl halide substrate included both 
electron-donating and electron-withdrawing groups. A slight decrease in yield was 
observed when comparing aryl chlorides with the corresponding bromides. The 
catalyst could be reused seven times before a notable drop in yield did occur.

Choudary and coworkers used a layered double hydroxides (LDH)-based 
material as support for palladium as well as osmium- and tungsten oxides to 
form a trifunctional catalyst.60 This catalyst (LDH-PdOsW) could be used for 
the one-pot tandem Heck—N-oxidation-asymmetric dihydroxylation reaction 
(Scheme 7). The Heck reaction was performed with aryl iodides and bromides 
as one reaction partner and α-substituted styrenes and acrylates as second re-
agent. Following the coupling reaction the dihydroxylation is performed us-
ing the same catalyst after addition of the oxidizing agent. The products were 
obtained in high yields for the two-step procedure and the catalyst could be 
recycled five times with only a slight decrease in yield.

SCHEME 6  A combined heterogeneous-homogeneous solvent-free Heck reaction of aryl bro-
mides and chlorides with styrene and methyl acrylate.

SCHEME 7  A multistep one-pot tandem Heck coupling-N-oxidation-asymmetric dihydroxylation 
reaction catalyzed by layered double hydroxide (LDH)-based Pd-Os-oxide-W-oxide catalyst.
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3.6.2.3  Heck reactions without palladium

With palladium being the most commonly used catalytic metal in Heck cou-
pling reactions, there are only a few examples employing other metal centers for 
this transformation. While the applications are scarce, this is an important new 
direction as it may provide more economic alternatives to the quite expensive 
Pd-based catalysts.

Hajipour et al. used cobalt nanoparticles on ionic liquid functionalized mul-
tiwall carbon nanotubes (Co-IL-MWCNT) as catalyst for the Heck reaction be-
tween aryl halides and acrylates or styrenes.61 Both iodo- and bromoarenes were 
suitable substrates for the transformation with the former delivering the product 
in much better yields (Scheme 8). It was found that substrates with electron-
withdrawing substituents, in general, performed better than electron-donating 
ones. Although the catalyst could be recycled four times, a drawback of the pro-
posed system is the need for toluene as solvent and high reaction temperatures.

The same group also published the use of a nickel-based catalyst for the 
Heck reaction.62 A nickel DABCO complex was anchored to the surface of sil-
ica gel particles (Ni-DABCO@SiO2) to form the active catalyst which is able to 
catalyze the coupling of aryl halides with methyl acrylate in DMF (Scheme 9).  
No difference in yield was observed for aryl halides with electron-donating or 
electron-withdrawing substituents. When comparing the nature of the halide 
atom, the authors found that chlorides gave slightly lower yields compared to 
bromides and iodides. The catalyst could be reused three times before a notable 
drop in yield occurred.

SCHEME 8  The Heck coupling of haloarenes with acrylates or styrene catalyzed by immobilized 
Co nanoparticles.

SCHEME 9  The Heck coupling of haloarenes with methyl acrylate catalyzed by a silica-
immobilized Ni-DABCO complex.
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In a further extension of their work toward a more sustainable system, 
Hajipour and coworkers showed that iron(III) immobilized on SiO2 (Fe@SiO2) 
can act as an efficient catalyst for the Heck reaction.63 Aryl iodides were cou-
pled to styrene and methyl acrylates in good yields using PEG-200 as environ-
mentally benign solvent (Scheme 10). Substrates with electron-donating and 
electron-withdrawing substituents gave nearly identical yields and the catalyst 
could be recycled five times before a minor drop in yield was observed.

3.6.3  The Suzuki coupling

The Suzuki or Suzuki-Miyaura coupling is another prominent example of 
palladium-catalyzed cross-coupling reactions. In general, it involves the cou-
pling of arylboronic acids with aryl halides to provide biaryl systems. Its promi-
nence and importance is manifested by the award of the Nobel prize in 2010 for 
cross-coupling reactions.6 Early work on the reaction applied homogeneous pal-
ladium(0) catalysts for this transformation in mostly organic solvents. Although 
the developments achieved using homogeneous systems allow for the product 
formation from the less reactive chloride precursors, this still remains challeng-
ing in heterogeneous systems. With regard to the solvent choice an increasing 
number of publications investigate the use of environmentally friendly solvents 
such as water using heterogeneous systems. The work in this field has previ-
ously been reviewed.64, 65

This section focuses on the application of heterogeneous catalysts in the 
Suzuki coupling for the formation of biaryl compounds as part of the exciting 
new developments made in this field.

3.6.3.1  Palladium-catalyzed heterogeneous Suzuki coupling 
reactions

The following section summarizes Suzuki coupling reactions that, following the 
original procedure, use palladium as the catalyst. Examples were chosen with 
regard to environmental considerations and the application of green chemistry 

SCHEME 10  The Heck coupling of aryl iodides with acrylates or styrene catalyzed by a silica-
immobilized Fe in poly(ethyleneglycol).
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principles. Examples using catalysts that apply metals other than palladium will 
be treated in a separate section later in this chapter.

Wei et al. synthesized a heterogeneous palladium organosilane complex us-
ing an aerosol-based method and used it in different transformations, including 
the Suzuki coupling.66 The catalyst (PdDPP-SHCs-HP-2) consists of nanopar-
ticles mainly made of an organosilane using benzene linkers to bridge the silane 
units and is decorated with phosphine pincers complexing a Pd(II) center. Para-
methylbenzylboronic acid and different iodoarenes were coupled in high yields 
in water as solvent at 50°C (Table 2 entry 1). When other haloarenes were used, 
lower yields were obtained, somewhat limiting the utility of the reaction. The 
catalytic system was shown to be recyclable up to nine times when applied to 
the Tsuji-Trost reaction (vide infra).

Ghorbani-Choghamarani et al. used the catalyst they developed for the Heck 
reaction (vide supra), a Pd complex supported on magnetic MCM-41 (Pd-imi@
MCM-41/Fe3O4) also as catalyst for the Suzuki coupling of a variety of aryl 
halides and phenylboronic acids.26 PEG-400 was used as the solvent for the 
reaction and high yields were obtained with substrates possessing both electron-
donating and electron-withdrawing substituents on the halide reagent (Table 2 
entry 2). On the boronic acid reagent, only phenyl and 3,4-difluorophenyl was 
used. The catalyst could be reused up to seven times with only a slight loss in 
reactivity.

The same group also developed a magnetically recoverable catalyst based on 
Fe3O4-serine as a support for palladium nanoparticles (Pd-Fe3O4-Serine-Pd(0)). 
Different iodo-, bromo-, and chloro-arylhalides were successfully coupled 
with phenylboronic acid in PEG as the reaction medium (Table 2 entry 3).67 
High yields were obtained for substrates having both electron-withdrawing and 
electron-donating substituents on the aryl halide. Although the yield increases 
from the chloride to the iodide, the difference is not significant.

Jahanshahi and Akhlaghinia showed that the anchored thiophene 
methanimine-palladium Schiff base (γ-Fe2O3/AEPH2-TC-Pd) can also be used 
for the Suzuki-Miyaura coupling between different aryl iodides/bromides and 
two phenyl boronic acids (Table 2 entry 4).34 The reaction is performed in water 
as the reaction medium applying a phase transfer reagent to enable the trans-
formation. The catalyst could be recovered magnetically and reused eight times 
with only a slight loss in activity. The authors also investigated the use of aryl 
chlorides as substrates but noted a dramatic drop in product yield.

Gholinejad and his group developed a heterogeneous catalyst based on a 
modified polyacrylamide as support for Pd nanoparticles (PAA-Pd-NP).68 The 
Suzuki reaction between different (hetero)aryl iodides, bromides, chlorides, and 
several phenyl boronic acids was effectively catalyzed in water as the solvent 
(Table 2 entry 5). Even though it was possible to use aryl chlorides as the sub-
strate, the yield was about 20% lower compared to bromides and iodides. The 
catalyst could be recycled four times before a drop in yield was observed.
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TABLE 2  Representative examples of the Suzuki reaction using palladium-based heterogeneous catalysts.

Entry Catalyst Additive Conditions Halide Product Yield (%)
Recycl. 
(times) Ref.

1 PdDPP-SHCs-
HP-2

K2CO3 H2O, 50°C I 86–98 9 66

2 Pd-imi@MCM-41/
Fe3O4

Na2CO3 PEG-400, 
80°C

I, Br, Cl 63–98 7 26

3 Pd-Fe3O4-Serine-
Pd(0)

Na2CO3 PEG, 110°C I, Br, Cl 70–100 3 67

4 γ-Fe2O3/AEPH2-
TC-Pd

K2CO3, TBAB H2O, 40°C I, Br 80–98 8 34

5 PAA-Pd-NP tBuOK H2O, 25°C I, Br, Cl 71–99 4 68

Continued
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6 Fe3O4@-NH2@
Murexide@Pd

K2CO3 H2O/EtOH, 
60°C

I, Br, Cl 60–100 3 69

7 Fe3O4@SiO2-Pd CaO H2O/EtOH, 
85°C

I, Br 85–96 5 70

8 Pd-γ-Fe2O3-2-ATP-
TEG-MME

NEt3 H2O, 80°C I, Br, Cl 80–98 9 71

9 PS-Pd-salen K2CO3 H2O, RT I, Br 60–89 4 72

10 Poly(AAm-AMPs)
NHC-Pd

K2CO3 H2O, 60°C Br 91–99 5 73

11 CelFemImiNHC@
Pd

Cs2CO3 EtOH, RT I, Br 73–87 5 74

TABLE 2  Representative examples of the Suzuki reaction using palladium-based heterogeneous catalysts—cont’d

Entry Catalyst Additive Conditions Halide Product Yield (%)
Recycl. 
(times) Ref.
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12 MNP@SPGMA@
AP@Pd

K2CO3 H2O/DMF, 
70°C

I, Br, Cl 48–99 7 75

13 APPd(0)@Si K2CO3 H2O, 80°C Br 43–100 8 76

14 PdNP-NMe2@SiO2 K2CO3 H2O, 
50–90°C

Br, Cl 52–98 3 77

15 Pd/ZnO K2CO3 H2O, 100°C I, Br, Cl 84–96 7 78

16 IRMOF-3-BI-Pd K2CO3 H2O/EtOH, 
RT

I, Br, Cl 92–98 5 79

17 PdNPs@NHC@
ZIF-8

NEt3 H2O/EtOH, 
90–120°C

I, Br, Cl 54–99 – 80

Continued
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18 LDH/Tris/Pd K2CO3 H2O/EtOH, 
RT

I, Br, Cl 60–98 3 81

19 PCIL-1 K2CO3 H2O/iPrOH, 
RT

I, Br 70–98 5 82

20 Pd0-Mont. K2CO3 H2O, 60°C I, Br, Cl 80–94 3 83

21 MNPs@SB-Pd K2CO3 H2O/EtOH, 
RT

Br 61–88 6 84

22 GO-Met-Pd K2CO3 H2O/EtOH, 
60°C

I, Br 85–98 9 85

23 GONS-NHC-Pd K2CO3 H2O/EtOH, 
RT-50°C

Br, Cl 83–99 10 86

TABLE 2  Representative examples of the Suzuki reaction using palladium-based heterogeneous catalysts—cont’d

Entry Catalyst Additive Conditions Halide Product Yield (%)
Recycl. 
(times) Ref.
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24 Pd(0)-PzC KOH, TBAB H2O, 90°C Br 84–98 3 87

25 Pd@MCM-Calixox K2CO3 H2O, 80°C I 85–99 5 88

26 Pd/CoO-C K2CO3 H2O, 80°C Br, Cl 19–97 10 89

AAm-AMPs, acrylamide-aminomethylphenol; ATP-TEG-MME, aminothiophenol/triethyleneglycol-monomethylether; Calix, calixarene; CS, chitosan; GO-Met, graphene 
oxide modified by metformin; GONS, graphene oxide nanosheets; HNT, halloysite nanotubes; LDH, layered double hydroxides; MNP, magnetic nanoparticle; MOF, metal-
organic framework; NP, nanoparticle; PAA, polyacrylamide; PdDPP-SHCs-HP-2-a Pd organosilane complex; PNP-SSS, palladium nanoparticles on silica-starch substrate; PS, 
polystyrene; PVA, poly(vinylalcohol); rGO, reduced graphene oxide; SB, Schiff base; γ-Fe2O3/AEPH2-TC-Pd-anchored thiophene methanimine-palladium Schiff base.
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Adib et  al. immobilized palladium on magnetical support, (Fe3O4) func-
tionalized with Murexide as anchor (Fe3O4@-NH2@Murexide@Pd). The 
so-generated catalyst was used for the Suzuki reaction between differently 
substituted aryl halides and phenylboronic acid.69 A water-ethanol mixture was 
used as the solvent for the reaction and the authors demonstrated that iodo-, 
bromo-, and chloroarenes can all be used as the substrate (Table 2 entry 6). It 
should be noted that substrates bearing a substituent in the ortho position show 
significantly lower yields. Although it was shown that the catalyst can be re-
cycled up to six times, there is a notable drop in yield after the third reuse.

Khazaei and coworkers generated a magnetically recoverable catalyst 
(Fe3O4@SiO2-Pd) using renewable resources. Rice husk was used as the start-
ing material to produce the SiO2 nanoparticles needed and the base used during 
the reaction was provided by waste eggshells.70 This allowed for the coupling 
of aryl iodides and bromides with phenylboronic acid and p-ethylphenylboronic 
acid, respectively, in water-ethanol mixture in high yields (Table 2 entry 7). The 
catalyst was recycled five times with only a minimal decrease in activity.

Sobhani et  al. developed a magnetically recyclable heterogeneous Pd-
catalyst (Pd-γ-Fe2O3-2-ATP-TEG-MME) which was used for the coupling of 
aryl halides with phenyl boronic acid.71 The reaction could be performed with 
iodo-, bromo-, and chloro-substituted arenes bearing both electron-donating 
and electron-withdrawing substituents (Table 2 entry 8). The catalyst consists 
of a 2-amino-thiophenol unit to complex a Pd(II) center which is linked to the 
Fe2O3 nanoparticles. The additional triethyleneglycol unit allows for a better 
dispersion of the catalyst and thus a better contact with the reactants in the reac-
tion medium water. The yields obtained are high for all cases and the catalyst 
could be easily recycled up to nine times with only a slight loss in product yield.

A functionalized polystyrene polymer was used as support material for a 
Pd salen-complex (PS-Pd-salen) as catalyst for Suzuki reactions between aryl 
iodides/bromides and phenylboronic acids in neat water.72 Substrates with 
electron-donating and electron-withdrawing substituents are well tolerated on 
both reactants and the products are obtained in high yields (Table 2 entry 9). 
Interestingly, the reaction does not require the use of high reaction temperatures 
and can be performed at room temperature. Recyclability of the catalyst was 
reported for four consecutive cycles before a significant drop in yield was noted.

A similar polymer-based approach was developed by Künkül et  al. using 
acrylamide as the support for a NHC palladium complex (Poly(AAm-AMPs)
NHC-Pd).73 The Suzuki coupling between several aryl bromides and phenyl-
boronic acid was catalyzed efficiently in water as the reaction medium (Table 2 
entry 10). The catalyst was reused five times without any decrease in yield being 
observed.

Salunkhe and coworkers used the natural polymer cellulose as sup-
port material for the fixation of a palladium center via a ferrocene tether 
(CelFemImiNHC@Pd).74 Although iodides and bromides are good substrates 
for the Suzuki coupling between aryl halides and phenylboronic acid (Table 2 
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entry 11), the corresponding chlorides gave the product in a very limited amount. 
The reaction was performed in ethanol and the catalyst could be recycled up to 
five times before a notable drop in yield was observed.

Pourjavadi et al. combined the concept of magnetic nanoparticles with the 
use of a natural polysaccharide to stabilize the palladium nanoparticles (MNP@
SPGMA@AP@Pd).75 A variety of substrates were used for the Suzuki cou-
pling and high yields were obtained with aryl iodides and bromides while aryl 
chlorides delivered the products in lower yields (Table  2 entry 12). Catalyst 
recycling was easily possible seven times. The positive effect of using a natural 
polymer as support is partially negated by the fact that DMF had to be used as a 
cosolvent to water to ensure high yields.

Rhee et al. used reverse phase silica gel as support for palladium nanopar-
ticles (APPd(0)@Si) and showed that the produced material could serve as an 
effective catalyst for the Suzuki coupling of aryl bromides and phenylboronic 
acids in water.76 With the exception of both reaction partners bearing a strong 
electron-withdrawing group, the products are generally obtained in high yields 
indifferent of the electronic nature of the substituent (Table 2 entry 13). The 
catalyst can be reused eight times without losing significant activity.

Very similar results were obtained by Das and coworkers. Using silica and an 
amine linker the authors were able to stabilize Pd nanoparticles (PdNP-NMe2@
SiO2) and use them to catalyze the Suzuki coupling between a variety of (het-
ero)aryl bromides and chlorides and different phenylboronic acids (Table  2 
entry 14).77 The reactions were performed in water and generally gave the prod-
ucts in high yields. It was reported that higher temperatures were needed for the 
transformation of aryl chlorides than for the corresponding bromides.

Hosseini-Sarvari and Razmi showed that the coupling of arylboronic acids 
with haloarenes can be achieved by using a Pd/ZnO nanoparticle as catalyst.78 
The reaction is best performed in water as the solvent and provides the desired 
products in high yields. Electron-donating and electron-withdrawing substitu-
ents are well tolerated for chloro-, bromo-, and iodoaryl starting materials as 
well as the arylboronic acid (Table 2 entry 15). It was shown that the catalyst 
could be recycled up to seven times without losing its activity.

Metal-organic frameworks can also be used to stabilize a palladium complex 
for the use as a heterogeneous catalyst. Postsynthetic modification of IRMOF-3 
with an imidopalladacycle complex allowed the successful coupling of differ-
ent electron-withdrawing and electron-donating groups-containing aryl halides 
with substituted phenylboronic acids (Table 2 entry 16).79 Excellent yields were 
obtained under mild conditions in a water-ethanol solvent mixture. The catalyst 
could be recycled five times without substantial loss of activity.

In a similar way to MOFs, zeolitic imidazolate framework has been func-
tionalized with NHCs and used to stabilize palladium nanoparticles (PdNPs@
NHC@ZIF-8). Azad et al. used this material as a catalyst for the Suzuki reac-
tion between substituted aryl halides and phenylboronic acids in water-ethanol 
mixture.80 It was reported that aryl chlorides could be used as substrates but 
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higher temperatures and higher catalyst loading had to be used compared to aryl 
iodides and bromides (Table 2 entry 17). Unfortunately no catalyst recycling 
studies were carried out in this work.

Ghorbani-Vaghei and his group used layered double hydroxides (LDH) 
as support for Pd nanoparticles (LDH/Tris/Pd) in the Suzuki reaction of aryl 
halides with phenylboronic acid (Table 2 entry 18).81 The products were ob-
tained in mostly excellent yields with the exception of aryl chlorides and ortho-
substituted molecules afforded lower yields.

Sarma et al. applied montmorillonite K-10 as a support for Pd(OAc)2.
82 The 

immobilization was achieved by the impregnation with an ionic liquid. The ac-
tive catalyst (PCIL-1) was able to facilitate the Suzuki coupling between aryl 
bromides and iodides and phenylboronic acids (Table 2 entry 19). Aryl halides 
with electron-withdrawing and electron-donating substituents as well as het-
eroaryl bromides could be converted. While bromides and iodides furnished the 
products in good yields using a water-isopropanol mixture as the solvent, the 
use of chlorides resulted in significantly lower yields.

Another montmorillonite clay was used as a support material for depositing 
Pd nanoparticles on its surface by the group of Dutta. The clay was activated 
by acid treatment and the nanoparticles formed on the support.83 The catalyst 
(Pd(0)-Mont.) effectively coupled aryl halides (I, Br, Cl) and different phenyl-
boronic acids in water-ethanol mixture (Table 2 entry 20). The yields obtained 
were high in all cases, only slight variations were observed with the change of 
substituent or the halide used. The catalyst could be reused three times with 
significant changes in yield and catalyst structure.

Patil et al developed Schiff base‑palladium(II) complex tethered to a mag-
netic nanoparticle on iron oxide basis (MNPs@SB-Pd) for the Suzuki reaction.84 
Aryl bromides and phenylboronic acid were successfully coupled in ethanol-
water mixture in good to high product yields (Table 2 entry 21). When aryl chlo-
rides were used a notable drop in yield was observed. The authors showed that 
the catalyst could be recycled six times while maintaining stable activity.

Another suitable support material for palladium nanoparticles is graphene 
oxide. After modification of the graphene oxide with metformin it was possible 
to anchor palladium nanoparticles to the surface and use the new material (GO-
Met-Pd) for the Suzuki coupling between aryl halides and phenylboronic acid.85 
Aryl bromides and iodides with mainly electron-donating substituents formed the 
products in high yields in water-ethanol mixture (Table 2 entry 22). When chlo-
rides were employed as the starting material an about 30% decrease in yield was 
observed. The catalyst was recyclable nine times with only a slight loss in activity.

Graphene oxide was also used by Shim and coworkers. They functionalized 
graphene oxide nanosheets with a NHC-containing tether that then complexed 
a palladium ion (GONS-NHC-Pd).86 The thus generated material acted as cata-
lyst for the coupling of (hetero)aryl bromides with phenylboronic acids using 
ethanol-water as the solvent. While aryl and heteroaryl bromides were easily trans-
formed at room temperature, the conversion of aryl chlorides required elevated 
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temperature (50°C) to achieve high yields (Table 2 entry 23). The catalyst only 
showed a slight decrease in product yield even after having been used 10 times.

The work described by Bharadwaj et  al. used a cryptand to stabilize Pd 
nanoparticles (Pd(0)-PzC).87 Aryl bromides with several different substituents 
have been coupled to various phenylboronic acids using water as the solvent 
(Table  2 entry 24). The products are obtained in high yields and the catalyst 
could be recycled three times without significant loss in activity. Drawback of 
the methodology is the need for the strong base KOH and the use of a phase 
transfer catalyst (TBAB).

Rao et al. used calixarenes bound to MCM-41 as support for Pd nanopar-
ticles (Pd@MCM-Calixox) and used this system for a variety of reactions in-
cluding the coupling of iodobenzene and phenylboronic acids in water.88 The 
phenylboronic acids used could bear a variety of electron-withdrawing and 
electron-donating substituents (Table 2 entry 25). Most products were obtained 
in excellent yield, with the exception of sterically hindered substrates. The cata-
lyst could be recycled five times with only a slight decrease in product yield.

A similar study also reported the use of MCM-41 as support (as well as 
SBA-15), giving low to excellent yields for a broad variety of substrates.90

A catalyst based on palladium supported on CoO‑carbon nanocomposites 
(Pd/CoO-C) was employed in the coupling of aryl chlorides and bromides with 
phenylboronic acid in water (Table 2 entry 26).89 Several different substituents 
on the aryl halide were tested and it was found that aryl chlorides only gave 
high yields if strong electron-withdrawing substituents such as CN or NO2 were 
present. Recycling of the catalyst was possible 10 times without any decrease 
in activity.

Baran et al. developed a heterogeneous catalyst system based on the use of a 
support that was derived from a renewable resource. The authors used a natural 
carbohydrate, chitosan-based91 catalyst, namely cross-linked chitosan-cellulose 
beads to support Pd(II) ions and applied it to the Suzuki coupling between aryl 
bromides and iodides and phenylboronic acid.92 The reaction was performed 
using microwave heating, required no solvent, and a variety of different sub-
stituents were tolerated (Scheme 11). While it is not surprising that chlorides 
show a poor performance in the coupling reaction it was also found that iodides 
gave lower yields than the corresponding bromides. Unfortunately the authors 
did not give an explanation for this interesting finding. While the catalyst was 
found to be reusable nine times, a significant drop in yield was observed after 
the third run.

SCHEME 11  The Suzuki coupling catalyzed by cross-linked chitosan-cellulose beads-supported 
Pd(II) ions.
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While investigating the heating profile of several catalysts, Kappe and his 
group found that simple Pd/C or Pd/Al2O3 could serve as catalyst for the cou-
pling of p-chloroanisole and phenylboronic acid (Scheme 12).93 The advantage 
of the described reaction condition lied in the use of microwave heating and 
short reaction times, therefore decreasing the amount of energy consumed. 
Water could be used as the reaction medium.

Mohammadkhanni and Bazgir synthesized a SBA-based material functional-
ized with a dicarboxylic acid as support for Pd centers and used it as a catalyst in 
the synthesis of fluorenones using the Suzuki reaction. Chloro-, bromo-, and iodo-
arenes could be coupled with phenylboronic acids to yield the corresponding bia-
ryl product.94 While both electron-donating and electron-withdrawing substituents 
were tolerated on the haloarenes coupling partner, only electron-donating substitu-
ents were tested regarding the phenylboronic acid starting materials (Scheme 13). 
The reaction was performed in a water-ethanol mixture and the catalyst could be 
reused five times without significant loss in activity. Similar results were obtained 
when a catalyst with MCM was used as the support material instead of SBA.95

The same catalytic system was also employed for the synthesis of a variety 
of fluorenones under the same conditions (Scheme 14). Both electron-donating 
and electron-withdrawing substituents were tolerated on the phenylboronic acid 
for these transformations.

SCHEME 12  A microwave-assisted Suzuki coupling catalyzed by commercially available Pd/C 
and Pd/Al2O3 catalysts.

SCHEME 13  A modified SBA-supported Pd-catalyzed Suzuki coupling in water-ethanol solvent 
mixture.

SCHEME 14  Synthesis of arylated fluorenones using an SBA-supported Pd-catalyzed Suzuki 
coupling.
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Xu and coworkers showed that simple Pd/C could be used as a catalyst for 
the synthesis of aryl-substituted benzimidazoles through a combination of hy-
drogen transfer and the Suzuki reaction.96 A variety of aryl-1,2-diamines were 
coupled with benzyl alcohols to form the benzimidazoles that when bearing 
a bromo-substituent underwent simultaneous Suzuki coupling (Scheme 15). 
Phenylboronic acids bearing electron-withdrawing and electron-donating 
substituents could be used for the reaction with electron-donating substitu-
ents giving a slightly higher yield. The environmentally friendly method used 
water as the solvent and did not require the use of an additional ligand for the 
metal.

3.6.3.2  Palladium-free heterogeneous catalytic Suzuki 
coupling reactions

Similarly to the Heck couplings, there has been an increasing interest 
in investigations regarding the use of other metals besides palladium as a 
catalitically active metal. This is in part due to economic reasons but also 
environmental concerns due to, e.g., the toxicity of palladium. The follow-
ing section focuses on Suzuki-Miyaura coupling reactions using metals other 
than palladium.

Lipshutz and his group used Ni/C under microwave conditions for the cou-
pling of aryl chlorides with aryl boronic acids (Scheme 16).97 High product 
yields were obtained when aryl chlorides with an electron-withdrawing sub-
stituent were used. The need for a strong base and a fluoride source in most 
examples counterbalances the advantage of the comparably very short reaction 
times achieved by the microwave heating.

SCHEME 15  A ligand-free Pd/C-catalyzed synthesis of arylated benzimidazoles with a one-pot 
cyclization-Suzuki coupling approach.

SCHEME 16  A microwave-assisted Ni/C-catalyzed Suzuki coupling.



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

406  Heterogeneous catalysis in sustainable synthesis

Labiadh et al. used zinc sulfide doped with nickel (Ni(5%):ZnS) as a catalyst 
for the Suzuki reaction.98 The authors found that the reaction between aryl io-
dides and bromides with phenylboronic acid could be performed in DMF/water 
as the solvent and the use of ultrasounds increases the product yield (Scheme 
17). Although the majority of their examples used aryl bromide it was reported 
that iodides work equally well. Chloroarenes were also tested but gave sub-
stantially lower yields. In regard to the substitution of the aryl halides the au-
thors found that electron-withdrawing substituents perform notably better than 
substrates bearing an electron-donating substituent. Unfortunately, no catalyst 
recycling study was performed.

The synthesis of an inorganic-organic hybrid material using nickel ferrite 
as core and an organic linker to anchor a nickel(II) ion was reported by Naeimi 
and Kiani.99 This nano magnetic complex (NiFe2O4@SiO2-BPMN-Ni) acted as 
catalyst for the Suzuki coupling between aryl halides and phenylboronic acid in 
water-ethanol mixture (Scheme 18). Iodides, bromides, and chlorides all gave 
the products in high yields with the chlorides only giving a slightly lower yield. 
No significant difference was observed between electron-withdrawing and 
electron-donating substituents. Due to its magnetic properties, the catalyst was 
easily recyclable six times without losing its activity.

Hajipour and Abolfathi developed a nanoparticle catalyst from chitosan that 
is decorated with nickel ions (Chitosan@Ni).100 Phenylboronic acid was cou-
pled with aryl halides in toluene in high yields (Scheme 19). While iodides and 
bromides performed equally well, the use of chlorides resulted in around 10% 
drop in product yields. No difference in product formation was observed when 
using substrates with electron-donating or electron-withdrawing substituents. 

SCHEME 17  Synthesis of biaryls using the Suzuki reaction catalyzed by Ni-doped zinc sulfide 
heterogeneous catalysts.

SCHEME 18  A Ni-ferrite-based magnetic nanoparticle-catalyzed synthesis of biaryls via the 
Suzuki coupling of aryl halides with phenylboronic acid.
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When the catalyst was tested for recyclability, a small drop in yield was ob-
served after three runs.

In addition to Ni, cobalt-based catalysts can also be used to catalyze the 
reaction as described by Saroja and Bhat for the coupling of aryl bromides and 
different phenylboronic acids.101 Cobalt particles were immobilized on gra-
phene nanosheets via a Schiff base formation to generate the active catalyst 
(CoASGO). Although electron-donating and electron-withdrawing substituents 
were tolerated on both substrates, a substantially lower yield was observed with 
electron-donating substituents (Scheme 20). The reactivity of aryl chlorides was 
also tested but only negligible product formation was observed. The reaction 
was performed in ethanol as an environmentally friendly solvent and the cata-
lyst could be reused three times before a notable decrease in yield was observed.

3.6.4  The Hiyama coupling

The Hiyama coupling102 is conceptionally similar to the Suzuki coupling but 
uses an organo‑silicon substrate instead of the organoboron compound used in 
the Suzuki reaction. The recent developments with regard to the application of 
heterogeneous catalysts in these reactions are summarized here.

Rostamnia et  al. developed a Pd-NHC complex that was immobilized 
within the pores of an SBA-15/ionic liquid material (NHC-Pd/SBA-15/
IL) for the Hiyama coupling of phenyltrimethoxysilane with a variety of 
haloarenes.103 Aryl bromides and iodides with both electron-donating and 
electron-withdrawing substituents were suitable substrates and gave the biaryl 
compounds in high yields (Scheme 21). The catalyst could be recycled five 
times before the yield began to drop due to the disintegration of the support 
material caused by the fluoride additive. A mixture of water and dioxane was 
used as the solvent allowing for an easy separation of the catalyst and the prod-
uct by filtration and extraction.

SCHEME 19  The Suzuki coupling catalyzed by a chitosan-supported Ni catalyst.

SCHEME 20  The Suzuki coupling catalyzed by a graphene-supported Co nanoparticle catalyst.
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The same group also showed that Pd nanoparticles can be immobilized on 
graphene oxide nanosheets and used as the catalyst for Hiyama coupling reac-
tions.104 The researchers found that by using a surfactant (P123) the product 
yield could be dramatically increased, most likely due to the surface cleaning ef-
fect of the surfactant. The ligand-free catalytic system can be reused four times 
before a drop in product yield is noted. A variety of different substituted halo-
arenes were suitable substrates for the reaction, including those with electron-
withdrawing and electron-donating substituents (Scheme 22).

Vaccaro’s group described the use of a simple, commercially available Pd/C 
catalyst in γ-valerolactone (GVL) as the solvent for the coupling of a variety of 
aryl chlorides and bromides with triethoxyphenylsilanes.105 Although the sub-
stituents on the halide could be electron-donating and electron-withdrawing, 
only the methoxy group was tolerated as a substituent on the arylsilane reagent 
(Scheme 23). The major advantage of the reaction system is the use of the renew-
able solvent GVL and the simplicity of the employed catalyst. Unfortunately, no 
studies on the recyclability of the catalyst were performed.

Movassagh et al. described the use of a Pd-salen complex anchored to mul-
tiwalled carbon nanotubes for the coupling of trialkoxysilanes with aryl iodides 

SCHEME 21  The synthesis of biaryls via the Hiyama coupling catalyzed by an ionic liquid-doped 
SBA-supported Pd catalyst.

SCHEME 22  The Hiyama coupling catalyzed by graphene oxide nanosheet-immobilized Pd 
nanoparticles.

SCHEME 23  The synthesis of biaryls via the Hiyama coupling catalyzed by a commercially avail-
able simple Pd/C catalyst carried out in a renewable solvent γ-valerolactone (GVL).
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and aryl bromides.46 The products were obtained with both electron-rich and 
electron-poor haloarenes in mostly high yields (Scheme 24). Unfortunately, the 
reaction had to be performed in toluene as the solvent and TBAF had to be used 
as an additive, overcoming the positive effect of the recyclability of the catalyst.

Sobhani et  al. also used their magnetically separable catalyst for the 
fluoride-free Hiyama coupling of chloro-, bromo-, and iodobenzenes with 
triethoxylphenylsilane in water as the reaction medium.71 Similarly to the 
Suzuki reactions described earlier, the products are generally obtained in high 
yields and a variety of electron-donating and electron-withdrawing substituents 
can be used (Scheme 25). A notably lower yield was observed only when the 
strong electron-withdrawing nitro group was present. As reported before, cata-
lyst recycling was easily carried out with a decrease in yield becoming notable 
after the seventh run.

During their studies for the synthesis of fluorenones, Mohammadkhanni and 
Bazgir also examined the synthesis via the Hiyama coupling using the same 
catalytic system that was developed for other cross-coupling reactions.94 The 
synthesis of the arylfluorenone was achieved in a reasonable yield of 65% 
under environmentally friendly conditions using water-ethanol as the solvent  
(Scheme 26).

SCHEME 24  A multiwall carbon nanotubes-supported Pd-salen complex-catalyzed Hiyama 
coupling.

SCHEME 25  The synthesis of biaryls via the Hiyama coupling catalyzed by a water-dispersible, 
magnetically recyclable Pd catalyst.

SCHEME 26  An environmentally benign synthesis of the arylfluorenone in water-ethanol mixture 
via a Pd-catalyzed Hiyama coupling.
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A very similar catalyst using MCM as the support instead of SBA was em-
ployed under nearly identical experimental conditions for the Hiyama coupling 
of triethoxylphenylsilane and iodo- and bromoarenes.95 The products were 
obtained in high yields with a broad scope including a variety of electron-
donating and electron-withdrawing substituents in the haloarene starting mate-
rial (Scheme 27).

A simple Pd/ZnO catalyst was used by Hosseini-Sarvari and Razmi for the 
Hiyama coupling in ethylene glycol as the solvent.78 Iodo-, bromo-, and chloro-
arenes were suitable substrates for the coupling with trimethoxyphenylsilane and 
a variety of additional substituents ranging from strongly electron-withdrawing 
to electron-donating gave the products in high yields (Scheme 28). It should be 
noted that only aryl chlorides and bromides with electron-withdrawing substitu-
ents were tested. Although no catalyst recycling studies were conducted for the 
Hiyama coupling, it can be expected that the recyclability of the catalyst shown 
for the Suzuki coupling (seven times without loss of activity, vide supra) will 
also be applicable in the case of the Hiyama coupling.

Similarly to the Heck or Suzuki coupling reactions effort has been made 
to develop alternative catalysts to replace the expensive and quite toxic Pd as 
the catalytic metal with more economic and potentially less toxic metals in the 
Hiyama coupling as well. Hajipour and Abolfathi designed a heterogeneous Ni 
catalyst for the coupling of triethoxyphenylsilane with a variety of aromatic 
halides.106 The catalytically active Ni center is coordinated by a triazole unit 
tethered to a magnetic nanoparticle. Different haloarenes are transformed in 
high yield, only compounds with sterically demanding ortho-substituents gave 
lower yields (Scheme 29). It was reported that the environmentally friendly 
solvent water-ethanol mixture was superior to the traditionally employed DMF. 
It should be noted that no fluoride additives were necessary for the reaction.

SCHEME 27  The Hiyama coupling catalyzed by an MCM-supported Pd catalyst.

SCHEME 28  Synthesis of biaryls with a Pd/ZnO-catalyzed Hiyama coupling.
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Wagner and his group developed a heterogeneous bimetallic Rh/Pd catalyst 
with a polyionic gel as support.107 The catalyst showed good activity for the 
one-pot hydrosilylation-Hiyama-coupling reaction of acetylenes with aryl io-
dides. The reaction occurs with almost exclusive E selectivity and the products 
are obtained in high yields (Scheme 30). Even though the reagents used are not 
necessarily considered green, the one-pot process can be seen as a significant 
improvement over the traditional synthetic pathway involving multiple steps 
and other hazardous reagents. While the authors attempted to reuse the catalyst, 
a significant drop in yield was observed starting with the third run.

3.6.5  The Negishi coupling

While both the Suzuki and Hiyama coupling reactions use fairly stable nucleo-
philes, this is no longer the case for the Negishi coupling when the more reactive 
organozinc substrates are used. This increased reactivity is often appreciated 
when hard-to-couple substrates are employed. On the other hand, this advantage 
does often bring about a limited choice concerning the solvents that can be used 
as most organozinc reagents are not compatible with protic solvents.

The next section describes selected examples applying heterogeneous cata-
lytic systems for the Negishi reaction that comply with the principles of green 
chemistry.

Wu et al. showed that a variety of aryl bromides can undergo the Negishi 
coupling with different organozinc reagents to yield the desired products in 
medium to high yields (Scheme 31).108 The catalyst used consists of a nano-
sized MCM-41 support material having a Pd ion immobilized through complex 
formation by a covalently-bound linker molecule. For the organozinc reaction 
partner, alkyl, aryl, heteroaryl, and alkynyl reagents were proven suitable for 
the transformation. The arylbromide reaction partner could be substituted with 
a variety of substituents, including electron-withdrawing and electron-donating 
ones. Recycling of the catalyst was possible up to four times with only a slight 

SCHEME 29  The Hiyama coupling with a triazole-coordinated nickel catalyst immobilized on a 
magnetic support.

SCHEME 30  A polyionic gel-supported bimetallic Rh/Pd-catalyzed one-pot hydrosilylation-
Hiyama-coupling reaction of acetylenes with aryl iodides.
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decrease in yield. Unfortunately the reaction requires the addition of a phos-
phine to stabilize the palladium species as well as THF as the solvent.

In the same study108 the authors could also show that aromatic acyl chlorides 
can serve as the reaction partner for aryl zinc compounds giving the correspond-
ing diaryl ketones in high yields (Scheme 32). Although the reaction can be 
performed without PPh3, it was shown that by using the ligand the reaction yield 
increases by 10% and the catalyst loading can be lowered by a factor of 10.

The group of Organ successfully immobilized a Pd-PEPPSI complex onto 
silica gel and used it as heterogeneous catalyst for the Negishi coupling apply-
ing a variety of aryl halides with different alkyl zinc reagents under flow condi-
tions (Scheme 33).109 Application of the flow conditions allowed to obtain the 
same yields in extremely reduced reactions times compared to the batch system 
under otherwise identical conditions. When performing tests about the recy-
clability of the catalyst, it was noted that the activity constantly and gradually 
decreased over time. This was attributed to a relatively high amount of unbound 
catalyst rather than actual leaching out of the immobilized catalyst. While this 
decrease in activity required longer reaction times, no significant drop in prod-
uct yield was observed for the first four reuses in the batch process.

SCHEME 31  The Negishi coupling catalyzed by a nanosized MCM-41-supported Pd catalyst.

SCHEME 32  The Negishi coupling of aryl zinc substrates with acyl chlorides catalyzed by a 
nanosized MCM-41-supported Pd catalyst.
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Kappe and his group also investigated the Negishi coupling for their cata-
lyst heating study mentioned earlier.93 Using microwave heating in dioxane a 
simple Ni/C catalyst was shown to be able to perform the coupling reaction of 
p-tolyl‑zinc chloride and p-cyanochlorobenzene in high yield and short reaction 
time (Scheme 34). As previously mentioned the use of dioxane at high reaction 
temperature is a major drawback of the method.

Using similar conditions, Lipshutz et  al. were able to show that a broad 
range of organozinc reagents can be coupled with different aryl chlorides in 
high yields.97 The major advantage of the developed method is the application 
of a simple Ni/C catalyst as well as the extremely shortened reaction time of the 
microwave reaction when compared to other systems known in the literature. 
Both the organozinc reagent as well as the aryl chloride could possess electron-
donating or electron-withdrawing substituents, thus allowing the synthesis of 
biaryls with a broad combination of substituents (Scheme 35).

The earlier described reaction conditions also allowed the transformation of 
a sterically crowded tosylate into the diaryl compound (Scheme 36).97

SCHEME 33  A silica-supported Pd-catalyzed Negishi coupling.

SCHEME 34  A Ni/C-catalyzed Negishi reaction under flow conditions.

SCHEME 35  A microwave-assisted Negishi coupling.
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3.6.6  The Kumada coupling

When moving from the Hiyama to the Kumada coupling2 the problematic is-
sue of the high reactivity of the organometallic substrate becomes even more 
dominant, especially from the green chemistry point of view. The employed 
Grignard reagents are only compatible with a very limited solvent selection, 
mainly diethyl ether and THF: both of those are flammable and explosive not 
to mention that they easily undergo peroxidation and their shelf life is relatively 
short. In addition, there is also the risk that the Grignard reagent reacts with the 
substrate in side reactions or the formation of the Grignard reagent itself cannot 
be easily achieved due to functional group incompatibilities on the aromatic 
ring. The question could be raised whether a reaction using a Grignard reagent 
can be brought into compliance with the principles of green chemistry?

Nonetheless, the examples shown later do take some steps toward a more 
environmentally friendly reaction by using heterogeneous catalysts and reduc-
ing the amount of additives needed for the reaction.

During a study of amination reactions, Lipshutz and Tasler showed that the 
Kumada coupling can be performed by using a Ni on charcoal catalyst.110 The 
reaction works well for chlorotoluene and chloroanisole but 2 equiv. (compared 
to the amount of Ni) of a phosphine ligand had to be used (Scheme 37). Although 
the use of the heterogeneous catalyst is desirable, the need for the ligand and 
THF as a solvent are detrimental for the environmental impact of the reaction.

A collaboration of different research groups resulted in the development of 
a heterogeneous catalyst for the Kumada coupling of p-iodo-t-butylbenzene and 
p-tolyl magnesium bromide.111 The catalyst was obtained by reacting a Ni salt 
with a diphosphine ligand-containing silanol ester unit, able to connect with the 

SCHEME 36  Application of sterically crowded aryl tosylate in a microwave-assisted Negishi 
coupling

SCHEME 37  A Ni/C-catalyzed Kumada coupling.
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heterogeneous support (SBA-15). Even though THF had to be used as a solvent, 
the authors could show that using their heterogeneous system, the amount of 
THF needed could be dramatically reduced compared to the homogeneous sys-
tem (0.8 vs 3.0 mL) while still obtaining the desired product in good yields and 
high selectivities (Scheme 38). The catalyst could be recycled four times before 
losing its activity.

A variety of haloaryls and aryl Grignard reagents could be reacted to the 
corresponding biphenyl compounds using a heterogeneous Ni catalyst devel-
oped by Bhowmik et  al.112 The catalyst Ni/RGO-40 is formed by depositing 
Ni on graphene oxide using a hydrothermal method followed by heating in 
H2 to perform the reduction. The biphenyl products could be obtained from 
compounds containing different halogen substituents in good yields with both 
electron-donating and electron-withdrawing substituents on the aryl halide be-
ing well tolerated (Scheme 39). Dihaloaryl compounds were successfully used 
as substrates yielding the coupling reaction on both halogenated positions. The 
catalyst was recyclable six times with only a slight loss in yield.

3.6.7  The Sonogashira coupling

The Sonogashira coupling reaction forms a CC bond between an aryl halide 
and the terminal carbon of an alkyne. Originally published in 1975,113 the re-
action is traditionally performed with a palladium catalyst using a phosphine 
ligand, a copper cocatalyst, and a strong base to activate the alkyne. As with 
other cross-coupling reactions the recent developments are focused on the re-
placement of the traditional homogeneous system with a heterogeneous one.114 
The following section gives an overview over recent developments in the field.

SCHEME 38  The Kumada coupling catalyzed by an SBA-supported Ni complex.

SCHEME 39  The Kumada reaction catalyzed by a graphene oxide-supported Ni catalyst.
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One example that uses a heterogeneous version of the traditional conditions 
is reported by Lin and coworkers.115 The authors used MCM-41 as a support for 
a bipyridine linker unit coordinating a Pd ion. Triphenylphosphine as the ligand 
and CuI as a cocatalyst were used in triethylamine as the solvent. The reaction 
works well for a large combination of substrates with only a few exceptions 
giving low yields (Scheme 40). Surprisingly, unsubstituted bromobenzene gives 
the lowest yields with all coupling partners while both electron-donating and 
electron-withdrawing substituents furnish higher yields of the desired products. 
The catalyst was shown to be recyclable three times with only a slight drop in 
yield.

Even though the heterogenization of the metal complexes to solid catalysts 
is generally considered a step toward environmentally friendly reactions, the 
use of ligands and cocatalysts should be avoided. A variety of copper- and 
ligand-free heterogeneous catalytic applications of the Sonogashira reactions is 
given as follows (Table 3).

Vaccaro et  al. used a combination of a heterogeneous catalyst and a het-
erogeneous base for the Sonogashira coupling of aryl iodides with phenyl-
acetylenes (Table 3 entry 1).116 The catalyst is based on a highly cross-linked 
thiazolium-based material that is used to immobilize palladium (Pd/polythia-
zolium/SBA-15). The desired coupling products were obtained in high yields 
with the exception of substrates bearing electron-donating groups. The use of a 
heterogeneous base has the advantage that both catalyst and base can be easily 
recovered as well as stabilizing the catalytic system, allowing for better results 
when recycling the catalyst. The water-acetonitrile azeotrope used as a solvent 
could be easily distilled of and reused after completion of the reaction.

Khalafi-Nezhad and Panahi reported that the PNP-SSS catalyst they devel-
oped for the Heck reaction could also be used for the copper-free Sonogashira 
reaction of aryl halides and alkynes in water (Table 3 entry 2).42 The reaction 
was performed in water as the solvent and K2CO3 as base. The catalyst could be 
recycled five times without losing its activity and investigations of the reused 
catalyst showed only a slight leaching of palladium content.

Li, Zhang, and coworkers used their catalytic system (PdDPP-SHCs-HP-2) 
also for the Sonogashira reaction.66 Although the reaction between phenylacety-
lene and iodobenzene was achieved with 92% yield (Table 3 entry 3), switching 
to bromobenzene dramatically decreased the yield obtained. Water was used 
as the solvent and the reaction is performed at 60°C. As mentioned before the 

SCHEME 40  The Sonogashira reaction catalyzed by an MCM-41-supported Pd catalyst.
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TABLE 3  Copper-free Sonogashira reactions.

Entry Catalyst Base Conditions Product
% 
Yield

Recycl. 
(times) Ref.

1 Pd/polythiazolium/SBA-15 
(0.4 mol%)

PS-piperazine CH3CN/H2O, 90°C 62–95 5 116

2 PNP-SSS (1.2 mol%) K2CO3 H2O, reflux 81–97 6 42

3 PdDPP-SHCs-HP-2 (5 mol%) NEt3 H2O, 60°C 92 9 66

4 MWCNT/HL2-Pd NEt3 H2O, 50°C 94 2 117

Continued
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5 Pd@DCA-MCM (0.2 mol%) NaOH H2O/EtOH, 80°C 85–93 5 95

6 Pd(II)-PMO-P-2 NEt3 H2O, 60°C 84–98 7 118

7 PAA-Pd-NP DABCO H2O, 60°C 77–99 5 68

8 SiO2-acac-PdNP Piperidine H2O, reflux 40–93 5 119

9 Pd@HNTs-T-CD K2CO3 H2O/EtOH, 60°C 45–95 5 120

TABLE 3  Copper-free Sonogashira reactions—cont’d

Entry Catalyst Base Conditions Product
% 
Yield

Recycl. 
(times) Ref.
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10 Fe3O4@-NH2@Murexide@Pd K2CO3 H2O/EtOH, 60°C 79–99 4 69

11 Pd-CoFe2O4-MNP K2CO3 EtOH, 70°C 60–95 5 121

12 Pd@Hal-2N-TCT-EDA K2CO3 EtOH, 90°C 72–97 5 122

13 Pd-MCM-48 K2CO3 EtOH, 80°C 72–90 – 123

14 NS-ADP-TiO2 K2CO3 EtOH or DMF, 85˚C 28–99 3 124

15 CS/MMT/Pd CH3CO2K DMSO/ethylene 
glycol, 110°C

69–94 8 125

Continued
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16 MNPFEMTriaz
NHC@Ag complex

K2CO3 DMF, 100°C 54–92 8 126

17 Pd6L6 nanocluster NEt3 Toluene, 80°C 85–96 4 127

MWCNT/HL2-Pd, multiwalled carbon nanotubes with Pd (II) complexes of azamacrocycles; PAA-Pd-NP, modified polyacrylamide nanoparticles with incorporated Pd centers; 
PdDPP-SHCs-HP-2, a Pd organosilane complex; PNP-SSS, palladium nanoparticles on silica-starch substrate; SBA, Santa Barbara Amorphous silica.

TABLE 3  Copper-free Sonogashira reactions—cont’d

Entry Catalyst Base Conditions Product
% 
Yield

Recycl. 
(times) Ref.
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catalyst recycling was shown for the Tsuji-Trost reaction. Unfortunately, no 
other substrates were tested.

Savastano et al. demonstrated that azamacrocycles could be noncovalently 
fixed to a carbon nanotube and serve as ligand for a Pd ion. The catalyst was 
used to generate diphenylacetylene from iodobenzene and phenylacetylene 
(Table 3 entry 4).117 The authors attempted to reuse the catalyst but a notable 
drop in yield was observed after the second run. Although the obtained yield is 
comparable to other catalysts, the lack of recyclability and more importantly  
substrate diversity limits the usefulness of this system.

The catalytic system developed by Bazgir et al. for Suzuki reactions could 
also be used for the Sonogashira coupling under environmentally benign condi-
tions (Table 3 entry 5).95 The coupling products were obtained in high yields 
using water-ethanol as reaction mixture and electron-donating and electron-
withdrawing substituents are tolerated on the phenylalkyne reagent. While the 
catalyst recycling was only tested for the Suzuki reactions it can be assumed 
that similar recyclability (five times without significant loss in activity) can be 
achieved in the case of the Sonogashira reaction as well.

The group of Zhao developed a mesoporous silica catalyst bridged by Pd(II) 
centers (Pd(II)-PMO-P-2) for the reaction of phenylacetylene with aryl iodides 
and bromides (Table  3 entry 6).118 The catalyst allows the transformation of 
the starting materials with both electron-donating and electron-withdrawing 
substituents on the halide in high yields using water as a solvent. The authors 
showed that the catalyst could be recycled up to seven times without significant 
decrease in yield and that no palladium ions were leaching out of the catalyst.

The modified polyacrylamide nanoparticles with incorporated Pd centers 
(PAA-Pd-NP) developed by Gholinejad could not only be used for the Suzuki 
reaction (vide supra), but also for the Sonogashira reaction (Table 3 entry 7).68 
A variety of aromatic iodides and bromides were successfully coupled to termi-
nal alkynes with aryl as well as alkyl substituents. The products were obtained 
in high yields irrespective of the nature of the substituent on the aryl halide. 
Catalyst recycling experiments were not performed for the Sonogashira reaction 
but the same catalyst was recyclable five times before a significant drop in yield 
was observed under Suzuki conditions.

A catalyst based on SiO2 particles decorated with acetylacetone as anchor 
for Pd nanoparticles was developed for and used in the Sonogashira reaction 
(Table 3 entry 8).119 The reaction can be carried out using water and electron-
donating and electron-withdrawing substituents can be present on the aryl ha-
lide. Although iodoarenes gave the products in high yields and short reaction 
times, the application of aryl bromides and chlorides resulted in substantially 
lower yields and longer reaction times. The catalyst could be recycled five times 
before a notable drop in yield was observed.

Sajadi found that when halloysite nanotubes were decorated with cyclodex-
trin they could bind a Pd ion and act as a catalyst for the coupling of various 
terminal alkynes and aryl halides (Table 3 entry 9).120 It was found that aryl 
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iodides give much higher yields than bromides or chlorides. No difference was 
found with regard to the nature of the substituent on the aryl halide and both 
aromatic and aliphatic alkynes could be used. The catalyst could be reused and 
only exhibited a decrease in activity after the fifth consecutive reaction.

A magnetically separable catalyst (Fe3O4@-NH2@Murexide@Pd) was used 
by Abid et al. to couple bromo- and iodoarenes with phenylacetylene (Table 3 
entry 10).69 Substituents with both electron-donating and electron-withdrawing 
effects were well tolerated and the products were obtained in high yields using 
a water-ethanol mixture as a solvent. Recycling of this catalyst was only tested 
using the Suzuki reaction and a significant drop in yield after the fourth run was 
noted.

Similar results were obtained by Roy et  al. using a Pd-doped CoFe2O4 
nanoparticle-based catalyst (Table 3 entry 11).121 While a variety of substrates 
did undergo the desired Sonogashira coupling, the authors found that aromatic 
alkynes, in general, worked better than aliphatic alkynes and placing a substitu-
ent into the ortho position of the halide also decreased the yield. The catalyst 
could be recycled five times with a small decrease in yield.

Another example of palladium combined with a ferrite material was reported 
by Gholinejad and Ahmadi.128 The authors used SiO2 microparticles to anchor 
both palladium and copper ferrite nanoparticles and use this as catalyst for the 
Sonogashira reaction. Both substrate scope and yields are comparable to other 
reported methods but the reaction has to be performed in the uncommon solvent 
dimethyl acetamide (DMA).

Nitrogen functionalized halloysite was also used to immobilize palladium 
and then this material was applied as a catalyst for the Sonogashira reaction 
using ethanol as solvent (Table 3 entry 12).122 Terminal alkynes with aromatic 
and aliphatic side chain could be used in combination with a variety of iodo-, 
bromo-, and chloroarenes. Although the nature of an additional substituent on 
the aromatic ring appeared mainly unimportant in determining the product 
yield, it was found that significantly less product formed when arylchlorides 
and -bromides were used. The catalyst could be reused five times before losing 
its activity.

Banerjee et  al. showed that MCM-48 impregnated with Pd nanoparticles 
could be used for a variety of reactions, including the Sonogashira coupling.123 
The reaction was performed in ethanol as a solvent and a variety of terminal 
alkynes and substituted haloarenes were suitable substrates (Table 3 entry 13). 
Although with aryl iodides generally high yields were obtained, aryl bromides 
gave the desired products in lower amounts. Unfortunately the recycling of the 
catalyst was not tested.

An extremely low palladium loading of 0.005 mol% was used by Karami 
et al. for the coupling of aryl iodides with phenylacetylene (Table 3 entry 14).124 
The reactions worked very well for aryl iodides; however, when switching to 
bromides and chlorides the solvent had to be changed from ethanol to DMF and 
the catalyst loading had to be increased as well, to ensure product formation. 
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The catalyst consists of an Auramine-palladacycle tethered to the surface of a 
TiO2 nanoparticle.

Qi and his group used chitosan-montmorillonite-palladium hybrid nano-
spheres to couple phenylacetylenes with aryl iodides (Table 3 entry 15).125 The 
aryl iodides could bear electron-donating and electron-withdrawing substituents 
with similar results but it was noted that substituents in the ortho position lowered 
the yield, most likely due to steric hindrance. Although the original catalyst used 
only gave satisfactory results in eight consecutive uses, in terms of recyclability, 
a slight alteration in the support composition toward more montmorillonite con-
tent allowed for up to 10 runs using the same catalyst without a drop in activity. 
Likewise, only minimal Pd leaching was observed when reusing the catalyst.

Rashinkar et  al. showed that a silver-NHC complex tethered to magnetic 
nanoparticles (MNPFemTriazNHC@Ag) could be used for the coupling of 
phenylacetylenes and different haloarenes (Table 3 entry 16).126 Although aryl 
iodides and aryl bromides gave the desired products in high yield, the use of 
arylchlorides yielded significantly lower product formation. Both electron-
donating and electron-withdrawing substituents were well tolerated on the aryl 
halide, and only electron-donating substituents were tested on the phenylacety-
lene. It was shown that the catalyst could be recycled eight times before a sig-
nificant drop in yield occurs.

John et  al. developed a Pd6L6 nanocluster that could act as a catalyst for 
the Sonogashira coupling.127 Although the authors originally used the clusters 
as a homogeneous catalyst in water as the solvent, it was found that the cata-
lyst became heterogeneous when changing the solvent to toluene (Table 3 entry 
17). While this is beneficial in terms of catalyst recovery and recycling, it is 
detrimental from an environmental point of view as a green solvent (water) is 
changed into the not green solvent toluene.

Lee and his coworkers developed a catalyst for the Sonogashira reaction 
to be applied in a continuous flow system.129 A dual reactor with a Pd and 
Cu inner coating furnished the coupling products for a variety of aryl iodides 
with 2,5-dimethyl phenylacetylene in mostly high yields (Scheme 41). Both 
electron-donating and electron-withdrawing substituents were tolerated in the 
aryl iodide and the catalyst could be used in up to 10 runs of the flow system 
without decreased performance. Unfortunately high temperature and DMF as 
the solvent were needed.

SCHEME 41  The Sonogashira reaction of 2,5-dimethyl phenylacetylene with aryl iodides carried 
out in a continuous flow system.
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Hajipour and his coworkers also developed a heterogeneous, palladium-free 
version of the Sonogashira reaction.130 Phenylacetylene was coupled with a va-
riety of aryl iodides in high yields. Although aryl bromides did give the coupling 
product as well, notably lower yields were obtained (Scheme 42). The catalyst 
used was formed from SiO2 functionalized with DABCO that coordinated a Cu 
ion. Unfortunately a strong base in DMF at high temperatures had to be used, 
negating the positive effect of not needing a palladium catalyst.

An interesting variation of the Sonogashira reaction was developed by Xia 
et al.131 A cross-linked polymer-supported ionic liquid was used to immobilize 
palladium and employed in the carbonylative Sonogashira coupling using ter-
minal alkynes, aryl iodides, and carbon monoxide (Scheme 43). The reaction 
is performed in water under 3 MPa CO pressure at 130°C. High yields were 
obtained for a variety of substrates with the exception of butylacetylene giving 
a low yield. Recycling of the catalyst was possible five times with only a slight 
decrease in yield.

3.6.8  The Tsuji-Trost allylation

The Tsuji-Trost allylation132, 133 is another example of the palladium-catalyzed 
coupling reactions that has originated as a homogeneous catalytic reaction and 
experiences a trend toward the application of heterogeneous catalytic systems. 
This coupling has not been as widely used as the other systems mentioned be-
fore; however, a few examples using a heterogeneous catalytic systems have 
been developed as summarized below.

Further extending their investigations Li, Zhang and coworkers demon-
strated the applicability of their new catalytic system (PdDPP-SHCs-HP-2) 
in the Tsuji-Trost reaction between various 1,3-dicarbonyl compounds and al-
lylacetate.66 Cyclic and acyclic substrates, both 1,3-diketones and diester were 
suitable substrates for the transformation (Scheme 44). The reaction is per-
formed in water as solvent and yields the products in high yields with excellent 

SCHEME 42  The Sonogashira coupling catalyzed by an immobilized Cu catalyst.

SCHEME 43  The Sonogashira reaction catalyzed by a cross-linked polymer-supported ionic 
liquid-immobilized palladium.
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selectivities for the monoallylated product. The recycling of the catalyst was 
possible nine times and ICP analysis showed only a slight decrease in Pd con-
tent (1.3 wt% vs 1.4 wt%) of the catalyst.

Noda et al. developed a heterogeneous catalyst by grafting Pd(II) to a silica 
surface using a diamine tether and tested this catalytic system in a similar reaction 
as described before.134 The Tsuji-Trost reaction between ethyl acetoacetate and al-
lyl methylcarbonate could be performed in excellent yields and high selectivities 
for the monoallylated product (Scheme 45). The reaction could be performed with 
a very low amount of the metal catalyst (0.6 mol% Pd) but unfortunately THF had 
to be used as the solvent for the reaction to ensure optimum performance.

Yang et al. used an ionic liquid to trap a palladium complex as a hetero-
geneous catalyst in the continuous flow Tsuji-Trost allylation of (E)-1,3-
diphenylallylacetate and amine-based nucleophiles.135 Excellent conversion 
toward the products was obtained (Scheme 46) and it was shown that the con-
tinuous flow system performed significantly better than a corresponding batch 
process. No traces of the catalyst could be detected in the product even after 
prolonged reaction times.

SCHEME 44  The Tsuji-Trost reaction between various 1,3-dicarbonyl compounds and allylac-
etate catalyzed by an organosilane nanoparticle-supported Pd catalyst.

SCHEME 45  The Tsuji-Trost reaction of ethyl acetoacetate and allyl methylcarbonate catalyzed 
by a silica-supported Pd catalyst.

SCHEME 46  The Tsuji-Trost reaction of (E)-1,3-diphenylallylacetate and amine-based nucleo-
philes catalyzed by an ionic liquid-immobilized Pd catalyst.
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3.6.9  Coupling reactions not involving a CC bond 
formation

In addition to the CC bond forming reactions presented before, a variety of 
other coupling reactions are found in the literature. The Ullmann or Buchwald-
Hartwig couplings are the most prominent examples for CN bond formation 
but CO and CS bonds can be formed by cross-coupling reactions as well. 
The following section describes selected examples for the formation of carbon-
heteroatom bonds using a heterogeneous catalyst that follow the principles of 
green chemistry.

3.6.9.1  CN bond-forming reactions

Ghorbani-Vaghei et al. reported that amidoxime-functionalized SBA-15 could 
immobilize palladium and serve as a heterogeneous catalyst for the N-arylation 
of indoles.136 Indoles with different substitution patterns were reacted with 
a selection of iodoarenes containing both electron-donating and electron-
withdrawing substituents and the corresponding products were obtained in high 
yields (Scheme 47). The catalyst could be recycled six times by simple filtration 
without losing its activity. While the authors claim the reaction to be superior to 
a number of known literature protocols in terms of yield and conversion, from 
a green point of view, the use of DMF and elevated temperature is a drawback.

Zhu et al. developed a functionalized chitosan as a support for a copper salt 
to form a heterogeneous catalyst that was able to efficiently catalyze the aryla-
tion of a variety of nitrogen-containing molecules, commonly known as the 
Ullmann coupling, using water as the solvent.137 Aliphatic and aromatic amines 
as well as imidazoles were easily arylated in good to excellent yields (Scheme 
48). Although electron-donating and electron-withdrawing substituents on 
the aryl halide are tolerated, lower yields are obtained for strongly electron-
withdrawing groups on the amine. The greenness of the reaction was reduced 
by the fact that a phase transfer agent and a strong base had to be used to obtain 
high conversions.

SCHEME 47  N-arylation of indoles with an SBA-15 immobilized Pd catalyst.
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Yi and coworkers used a polystyrene-bound diamine (PSAP) as ligand sys-
tem to complex a copper ion and create a heterogeneous catalytic system for 
the CN bond formation between amines (aromatic as well as aliphatic) and 
bromoarenes.138 The yield of the reaction was highly dependent on the nature of 
the substituent on the aromatic systems. When electron-withdrawing substitu-
ents were present on either reaction partner a dramatic decrease in yield was ob-
served (Scheme 49). Diethylene glycol was used as the solvent for the reaction. 
While the catalyst could, in principle, be reused, it was found that the copper 
salt is leaching out and had to be replenished to maintain the catalytic activity.

Xie et al. described the coupling of nitrogen-containing heterocycles with 
aryl iodides using Cu-MOF-74 as a heterogeneous catalyst.139 Although the de-
sired products were obtained with a variety of different substituted aromatic 
iodides, it was found that when electron-withdrawing groups were present the 
yield was notably lower than in the case of electron-donating substituents, in 

SCHEME 48  The Ullmann CN coupling catalyzed by a chitosan-supported CuO catalyst.

SCHEME 49  A polystyrene-bound diamine (PSAP)-immobilized copper-catalyzed Ullmann CN 
coupling.
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agreement with the earlier examples. Likewise, the presence of a substituent 
in the ortho position on the aromatic substrate inhibited product formation and 
lower yields were obtained (Scheme 50). The authors showed that the catalyst 
could be reused six times with only a slight drop in yield.

The Chan-Lam coupling between aromatic amines and aryl boronic acids 
was performed by Zhang and coworkers using a copper catalyst immobilized 
on a polyimide covalent organic framework (Cu@PI-COF).140 A large variety 
of substituents of both electronic natures were tolerated on the starting materials 
giving the desired products in high yields (Scheme 51). The reaction is performed 
in a water-methanol mixture as environmentally benign solvent and the catalyst 
could be recycled eight times with only a slight decrease in product yield.

Mokhtari et  al. performed the Chan-Lam coupling using a copper-based 
metal-organic framework as catalyst prepared via a ball-milling strategy 
(Cu2(BDC)2(BPY)-MOF).141 The products of the coupling of phenylboronic 
acid with aniline derivatives were obtained in good yields (Scheme 52). The 
authors claimed the catalyst to be recyclable several times but no exact data was 
given in the report.

SCHEME 50  The coupling reaction of nitrogen-containing heterocycles with aryl iodides using a 
Cu-containing metal-organic framework MOF-74.

SCHEME 51  The Chan-Lam coupling between aromatic amines and aryl halides catalyzed by a 
polyimide covalent organic framework-immobilized Cu (Cu@PI-COF).

SCHEME 52  The Chan-Lam coupling catalyzed by a copper-based metal-organic framework 
(Cu2(BDC)2(BPY)-MOF).
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Sarvestani and Azadi showed that the Buchwald-Hartwig coupling could 
also be performed using heterogeneous catalysis. The catalyst was prepared by 
functionalizing graphene oxide with chitosan that acted as support for palla-
dium nanoparticles (GO-Chit-Pd).142 Morpholine as well as a few other amines 
were coupled with aryl halides in good yields (Scheme 53). It was found that 
secondary amines perform better than primary ones and chlorides give a slightly 
lower yield than the corresponding bromides or iodides. The nature of the aro-
matic substituent was found to be negligible as only a slight decrease in yield 
was observed for strongly electron-withdrawing substituents.

Although the reported examples include a broad variety of support materi-
als, as of the metal component, copper and palladium dominated the applica-
tions mostly in the form of immobilized metal complexes or nanoparticles.

3.6.9.2  CO bond-forming reactions

Kappe et al. showed that an Ullmann-type reaction to form a biaryl ether is pos-
sible using simple Cu/C as the catalyst.93 Although the product is obtained in 
high yield, the solvent used (dioxane) and the high reaction temperature have a 
negative impact on the greenness of the reaction (Scheme 54). The simplicity of 
the catalyst as well as the use of microwave heating and short reaction times can 
be positively noted from a green point of view.

Hosseini-Sarvari and Razmi reported that palladium supported on zinc oxide 
nanoparticles promoted the coupling of phenols and aryl halides under solvent-free 

SCHEME 53  A graphene oxide-chitosan-immobilized Pd nanoparticles (GO-Chit-Pd)-catalyzed 
Buchwald-Hartwig coupling.

SCHEME 54  Synthesis of biaryl ethers by a microwave-assisted Cu/C-catalyzed Ullmann 
coupling.
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conditions.143 The reaction performed well for a variety of substituents on both the 
aryl halide and the phenol reaction partner (Scheme 55). No significant difference 
in yield was observed depending on the electronic nature of the substituent or the 
halide used. The authors showed that the catalyst could be recycled five times 
with only a minimal decrease in yield but also found that the repeated reactions 
required significantly longer times to reach high conversions.

A similar range of products was prepared by Moghaddam and Eslami using 
a magnetically recoverable palladium catalyst. The catalytically active palla-
dium complex was tethered to magnetic Fe3O4 nanoparticles.144 Aryl iodides, 
bromides, and chlorides were coupled with substituted phenols and the products 
were obtained in high yields (Scheme 56). Water was used as the solvent and 
catalyst recycling was possible seven times with only a slight decrease in yield.

3.6.9.3  CS bond-forming reactions

While rare, there are some reports that describe the formation of CS bonds by 
heterogeneous catalytic coupling reactions.

The CS cross-coupling between different thiols and aryl iodides was suc-
cessfully achieved using a palladium prolinate complex (Pd(L-Pro)2).

145 The 
palladium complex acted as heterogeneous catalyst in ethanol as the solvent and 
the products were obtained in good yields when the aryl halide used possessed 
an electron-withdrawing substituent. On the thiol moiety mostly aromatic thi-
ols were tested (Scheme 57). When a strongly electron-withdrawing substituent 
(such as fluoride) was placed on the thiol, the reactivity is shut down and no 
product was obtained. The catalyst could be recycled five times with only a 
slight decrease in yield.

SCHEME 55  A solvent-free synthesis of biaryl ethers catalyzed by a ZnO nanoparticle-
immobilized Pd catalyst.

SCHEME 56  Synthesis of biaryl ethers by magnetically recoverable immobilized Pd nanopar-
ticles (MNP, magnetic nanoparticle).
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In another example, a catalyst based on copper grafted onto SBA-15 (Cu-
PIF-SBA-15) was used by Bhaumik et al. for the CS bond formation reaction 
of aryl bromides and chlorides with thiourea and benzyl bromide.146 The three-
component coupling provided the desired products in good yields with aryl ha-
lides bearing substituents of all electronic nature (Scheme 58). Water was used 
as the solvent and the catalyst was recyclable six times with negligible decrease 
in yield.

3.6.10  Conclusions and outlook

As can be seen by the examples described in this chapter, the application of 
heterogeneous catalytic systems became a frequently researched topic in the 
field of cross-coupling reactions. There are a multitude of driving forces for 
this development but the increasing environmental concerns are often the most 
important initiative in the progress. Heterogeneous catalytic applications carry 
the promise of being environmentally friendly due to the potentially reduced 
release of heavy metals into the product and environment or the common pos-
sibility to reuse the catalyst. Although these are valid points, it is often nec-
essary to take a closer look at the performance of the catalyst as well as the 
preparation of the catalyst before a heterogeneous system can be claimed to 
be environmentally friendly. Most studies dealing with a new heterogeneous 
catalyst perform some tests for recyclability. Often a slight decrease in product 
yield is noted without further investigation on the reason of that decrease. It is 
only in rare cases that, e.g., leaching of the catalyst is discussed by measuring 

SCHEME 57  The CS cross-coupling of thiols with aryl iodides catalyzed by palladium prolinate 
complex (Pd(L-Pro)2).

SCHEME 58  Synthesis of aryl-thioethers by a three-component coupling with SBA-15 grafted 
copper catalyst.
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the metal content of the catalyst (and the product solution). Many catalytic sys-
tems require some sort of treatment or reactivation before they can be reused, 
thus increasing the environmental impact. Another often overlooked point is 
the synthesis of the catalyst itself. The preparation of many of the discussed 
catalysts requires multistep synthesis using harmful reactions and producing 
extended amount of waste. This should be factored in when evaluating the 
greenness of a new catalytic system. In short, a holistic evaluation of a pro-
cess is needed to determine its overall greenness or environmental sustainable 
nature.

Even though there are still many challenges to overcome, the use of het-
erogeneous systems for cross-coupling reactions is becoming more and more 
prominent and the research in this field is growing. The potential and the advan-
tages of heterogeneous catalytic systems will become increasingly important 
with the continued demand and necessity to implement greener synthetic meth-
ods. The examples described in the chapter provide an overview on what can 
already be done using heterogeneous catalysis in cross-coupling reactions and 
also shine some light on what problems remain to be solved and finally indicate 
the directions of future research in this field.
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Chapter 3.7

Multicomponent reactions

3.7.1.  Introduction

Multicomponent reactions (MCRs) are synthetic processes that produce a single 
product from three or more reactants in a one-pot fashion through a cascade of 
elementary reactions.1 The popularity of MCRs lies in the simplicity and versa-
tility of the experimental procedures that unlock the access to a wide range of 
products through the manifold possibilities of reagent combinations. The first 
reported example of such reactions, the Strecker synthesis of aminonitriles from 
aldehydes, emerged as early as 1850 and was soon after industrially developed 
to produce methionine, a common amino acid used notably as a raw material 
for drug synthesis.2 It was not long before the development of other carbonyl-
based MCRs followed. Among them are the well-known Mannich reaction that 
affords β-aminocarbonyls from a nonenolizable aldehyde, a primary or second-
ary amine and formaldehyde via an iminium intermediate3; and the Biginelli 
reaction that produces dihydropyrimidones from an aldehyde, a β-ketoester, and 
urea.4 Both reaction types produce important synthetic building blocks for me-
dicinal chemistry and fine chemicals synthesis.5, 6 In parallel, isocyanide-based 
MCRs, first introduced by Passerini in 1921, also became a highly useful tool in 
the pharmaceutical industry.7 Another isocyanide-based MCR, the Ugi conden-
sation involving an aldehyde, an amine, a carboxylic acid, and an isocyanide al-
lows the rapid preparation of α-aminoacyl amide derivatives, essentially serving 
the purpose of drug discovery by generating large compound libraries.8

Due to the straightforward nature of the approach that eliminates multiple 
isolation/purification steps, provides a high atom economy, limits the generation 
of potentially toxic intermediates, and minimizes the waste produced, MCRs 
have emerged as a powerful tool for sustainable organic synthesis gaining in-
creasing interests in the ongoing search for environmentally friendly methods.6 
As of today, hundreds of MCRs are known in the literature and the number is 
growing steadily. Although some traditional catalyst-free MCRs rely solely on 
the inherent reactivity of the reagents,9 efforts have intensified to develop novel 
and versatile MCRs that often require a catalyst.10–12 Evidently, the association 
of this reaction type with heterogeneous catalysis results in a range of methods 
that combine the advantages of the highly atom-efficient MCRs and the poten-
tially recyclable heterogeneous catalytic systems.13
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In this chapter the applications of heterogeneous/solid catalysts for MCRs 
will be reviewed with an emphasis placed on the sustainability of the methods. 
Sustainable multicomponent syntheses will be thematically discussed based 
on the nature of the starting materials: carbonyl-based MCRs and isocyanide-
based MCRs.

3.7.2.  Carbonyl-based multicomponent reactions

Carbonyl-based MCRs are widely used in organic chemistry due, in part, to the 
commercial availability of a large number and variety of aldehydes, but mostly 
to the reactivity of the CO bond that requires low activation energy to undergo 
polarization, thus making it prone to nucleophilic attacks. Carbonyl-based 
MCRs allow the preparation of a diverse group of heterocycles14 via cycliza-
tion and various other compounds through the formation of aliphatic bonds,15, 16  
often using dearomatization strategies.17 Both product types will be reviewed 
separately in this chapter with the heterocycles being sorted according to the 
size of the ring generated which will be limited up to 6-membered rings.

3.7.2.1  Formation of 6-membered rings with multicomponent 
reactions

Given the remarkable stability of the 6-membered rings due to the lack of ring 
strain, these reactions dominate all cyclizations, including MCRs. The Hantzsch 
synthesis is a widely used strategy to produce pyridine or dihydropyridine deriva-
tives, that are of great medicinal relevance, from an aldehyde, two equivalents of 
β-ketoester and a nitrogen donor, often ammonium acetate.18 The reaction pro-
ceeds through a series of condensation reactions via two key intermediates—a 
Knoevenagel product and an ester enamine—leading to the pyridine or dihydro-
pyridine product after the final cyclization step occurring via a third condensa-
tion.18 The reactivity and solubility of the starting materials allow the use of 
water as the solvent and the application of mild conditions, as reported in some 
traditional protocols. Despite the apparent environmentally friendly features of 
these methods, some drawbacks still exist such as the potential toxicity of the 
commonly used catalysts or the low yields observed. However, heterogeneous 
catalytic systems have the potential to further decrease the environmental im-
pact of the Hantzsch reaction mainly by employing nontoxic and recyclable 
catalysts while maintaining mild conditions.19–30 In addition, most sustainable 
Hantzsch methods have several other advantages in common, namely, short 
reaction times, easy reaction workup, and excellent yields. Various clays,19, 20  
silica,21–23 metal nanoparticles,24, 25 zeolites,26 MOF,27 and ion exchange 
resins28–30 have been demonstrated to meet the above-mentioned sustainabil-
ity criteria. However, these heterogeneous catalysts often have to be combined 
with a transition metal or a metal oxide.19–21, 26 Table 1 summarizes multiple 
examples of the Hantzsch-type multicomponent syntheses to prepare pyridine 
and dihydropyridine derivatives by heterogeneous catalysis.
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TABLE 1  Heterogeneous catalytic multicomponent Hantzsch reactions.

Entry
Catalyst/
conditions Product Yield (%) Ref.

1 Montmorillonite-
supported Ni0-
NPs, solvent free, 
RT, 10–25 min

85–95 19

2 10% Pd/C/
K10, methanol, 
MW, 130°C, 
90–120 min

45–95 20

3 FeCl3/SiO2 NPs, 
ethanol, reflux, 
20–40 min

85–93 21

4 SiO2-SO3H, 
solvent free, 60°C, 
4–7 h
USY zeolite, 
ethanol, MW, 
110°C 20 min

72–96 22, 31

5 Silica sulfuric 
acid, solvent free, 
60°C, 25–90 min

89–96 23

6 Ni-NPs, solvent 
free, MW, 
60–90 min

85–96 24

7 Nano-ZnO, water, 
120°C, 1–3 min

94–96 25

8 ZnO-beta zeolite, 
ethanol, RT, 
30–60 min

86–95 26

Continued
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A typical example is the one-pot synthesis of polyhydroquinones catalyzed 
by a ZnO-beta zeolite in ethanol at room temperature leading to excellent yields 
(Table 1, entry 8).26 Similarly, the bifunctional catalytic system composed of 
K-10 montmorillonite and Pd/C efficiently yielded substituted pyridines via an 
interesting domino cyclization-oxidative aromatization approach (Table 1, entry 
2).20 Metal-free methods have shown similar performances as well, for instance 
the covalently anchored sulfuric acid on silica gel successfully catalyzed the 
preparation of Hantzsch 1,4-dihydropyridines under neat conditions (Table 1, 
entry 5).22 Nontraditional heterogeneous catalysts that offer additional benefits 
are also available in the literature. A biocompatible and biodegradable sulfonic 
acid functionalized chitosan (CS-SO3H), easily prepared by the reaction of 

9 Isoreticular MOF-
3, solvent free, 
reflux, 4–6 h

76–94 27

10 Wang-OSO3H, 
water, 100°C, 
60–90 min

85–96 28

11 Hydrotalcite, 
water, 60°C, 
120–180 min

85–93 29

12 Nafion-H, PEG 
400 water, 50°C, 
70–100 min

90–96 30

13 Chitosan-SO3H, 
solvent free, 80°C, 
60–240 min

80–95 32

MOF, metal-organic framework; MW, microwave-assisted reaction; NP, nanoparticles; PEG, 
poly(ethylene glycol).

TABLE 1  Heterogeneous catalytic multicomponent Hantzsch  
reactions—cont’d

Entry
Catalyst/
conditions Product Yield (%) Ref.
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chitosan with chlorosulfonic acid, was employed to catalyze the Hantzsch re-
action affording 1,4-dihydropyridines in high yields (Table 1, entry 13).32 The 
economical and biosourced catalyst was also found recyclable and retained its 
activity after five consecutive cycle.

Other than the Hantzsch multicomponent reaction, the preparation of pyri-
dine derivatives can be performed via a one-pot approach starting from four 
components. A paramagnetic dendritic fibrous nano-silica catalyst functional-
ized by an amino-bearing ligand was applied to the preparation of tetrahydrodi-
pyrazolopyridines via a 6-membered ring cyclization of 1,2-diphenylhydrazine, 
ethyl acetoacetate, ammonium acetate, and different substituted aromatic al-
dehydes.33 Conventional heating under reflux using ethanol as the solvent 
appeared to be the optimum conditions for the four-component cyclization re-
action (Scheme 1). For most reactions, 30 min was necessary to reach comple-
tion, which corresponded to a yield of 90% and above. The magnetic catalyst 
demonstrated excellent recyclability with a slight decrease from 97% to 88% 
yield after the 10th cycle. The eco-friendliness of this one-pot synthesis of pyr-
azolopyridine derivatives is only hindered by the laborious synthesis of this 
catalyst type that requires a step of hydroxylation of the magnetite particles 
followed by a step of aminoalkylation of the newly attached hydroxyl groups.

A specialized version of the Hantzsch reaction was applied for the synthesis 
of 1,4-dihydropyridines by replacing the typical ethyl acetoacetate with the ap-
propriate coumarin derivatives (Scheme 2A) under solvent-free conditions.34 
The authors prepared a magnetic Fe3O4@SiO2@(CH2)3-urea-quinoline sulfonic 
acid chloride catalyst for this purpose by immobilizing the sulfonic acid chlo-
ride on the surface of the nanoparticles using the urea linkers. The catalyst pro-
vided the products in good to excellent yields and was reported to be recyclable, 
maintaining its activity in three reactions and showing only a minor decline 
in yields in six consecutive reactions (from 85% to 75%). A similar catalyst 
(6-APA/γ-Fe2O3@SiO2), where 6-aminopenicillanic acid (6-APA) was immo-
bilized onto superparamagnetic γ-Fe2O3@SiO2 nanocomposites was prepared 
by Saberi et al. (Scheme 2B).35 The performance of the catalyst was assessed in 
the multicomponent synthesis of 1,4-dihydropyrano[2,3-c]pyrazole derivatives, 
affording the products in good to excellent yields. The catalyst could be reused 
in 10 successive reactions without a notable loss of activity.

SCHEME 1  Heterogeneous catalytic synthesis of tetrahydrodipyrazolopyridines catalyzed by amino 
propyl-functionalized nano-silica catalyst supported on magnetic, iron oxide-based nanoparticles.
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Among the 6-membered ring heterocycles, quinoline derivatives are con-
sidered to be one of the most promising biologically relevant compounds. 
They have demonstrated anticonvulsant, anticancer, and antibacterial proper-
ties, to mention but a few.36 Modified zeolites provided advantageous reaction 
features for the multicomponent synthesis of complex quinolone derivatives. 
For instance, copper-containing zeolites catalyzed a regio- and stereoselective 
[2 + 2 + 2] cyclotrimerization cascade of sulfonyl azide, an alkyne, and quino-
line, to prepare pyrimido[1,6-a]quinolones at room temperature resulting in 
moderate to high yields: a better performance than its homogeneous counter-
part.36 It should be noted that despite the obvious green aspects of the method, 
the solvent employed is the toxic and environmentally harmful dichloromethane 
(Scheme 3).

Substituted quinolines can also be prepared by a multicomponent dom-
ino reaction of anilines, aldehydes, and terminal alkynes.37 A reactive imine 
is formed as a reaction intermediate and reacts further with the alkyne via an 

SCHEME 2  (A) Fe3O4@SiO2@(CH2)3-urea-quinoline sulfonic acid chloride-catalyzed synthesis 
of coumarin-based 1,4-dihydropyridines and (B) 6-APA/γ-Fe2O3@SiO2-catalyzed preparation of 
substituted 1,4-dihydropyrano[2,3-c]pyrazoles.

SCHEME 3  Multicomponent synthesis of pyrimido[1,6-a]quinolones by copper-modified 
Y-zeolite.
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intramolecular addition to finally undergo ring closure and oxidative aromatiza-
tion. The method combines microwave irradiation with a strong microwave ab-
sorber heterogeneous catalyst, montmorillonite K-10. This powerful approach 
affords the products with high yields in a matter of minutes (Scheme 4).

The synthesis of bipyridine-5‑carbonitriles was achieved by a solvent-free 
multicomponent reaction of an aromatic aldehyde (substituted benzaldehydes 
and heterocyclic aldehydes), acetylpyridine, ethylcyanoacetate, and ammonium 
acetate (Scheme 5).38 The reaction was catalyzed by a novel magnetic immobi-
lized organocatalyst Fe3O4@SiO2@(CH2)3-urea-thiourea, which was character-
ized by a broad range of instrumental methods such as transmission electron 
microscopy (TEM), thermogravimetric analysis (TGA-DTG), vibrating sample 
magnetometer (VSM), FT-IR spectroscopy, field emission scanning electron 
microscopy (FESEM), energy dispersive spectroscopy (EDS), and elemental 
mapping analysis. The catalyst provided the products in moderate to excellent 
yields and was also found to be recyclable; in four subsequent reactions the 
catalytic activity remained stable.

Another one of the established MCRs producing 6-membered rings is the 
Biginelli reaction, a simple one-pot synthesis involving an aldehyde, an α-
ketoester (or a ketone), and urea for the preparation of dihydropyrimidones.39 
The first step of the mechanism is a condensation step between the aldehyde and 
urea. The resulting iminium intermediate acts as an electrophile for the nucleo-
philic addition of the ketoester enol, and the ketone carbonyl finally undergoes 

SCHEME 4  Microwave-assisted multicomponent synthesis of substituted quinolines by montmo-
rillonite K-10.

SCHEME 5  Fe3O4@SiO2@(CH2)3-urea-thiourea-catalyzed synthesis of bipyridine-5‑carbonitriles.
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condensation with the amino group of the urea to lead to the cyclized end-
product. Conventional methods often suffer from a lack of conversion, employ 
stoichiometric amount of toxic reagents, and have long reaction times.40 Thus 
the Biginelli reaction has received renewed interest in contemporary organic 
synthesis in order to develop improved protocols in terms of yields and reaction 
conditions. Heterogeneous catalysis is a potentially great solution to provide 
high yields under mild reaction conditions. Various methods propose silica- or 
alumina-supported materials such as heteropolyacids,41 other Brønsted acids,42, 43  
and metal oxide nanoparticles44, 45 as potential catalysts for the Biginelli reac-
tions. Several examples of heterogeneous catalytic Biginelli reactions are pre-
sented in Table 2.

A typical example is the solvent-free microwave-driven alumina sulfuric 
acid-catalyzed Biginelli reaction that provides high yields in short reaction times 
while avoiding the use of toxic solvents (Table 2, entry 1). However, although 
the catalyst is recyclable for several cycles, its environmental friendliness can 
be regarded as controversial because its synthesis uses both sulfuric acid and 
hydrogen chloride, sources of hazardous waste.42 ZnO nanoparticles supported 
on SBA-15,44 silica-coated magnetite nanoparticles,45 silica-supported perchlo-
ric acid,43 and magnetic mesoporous MCM-41, silica-supported boric acid46 
also efficiently catalyzed the reaction in relatively short reaction times (Table 2, 
entries 2–5). Despite the remarkable advantages these methods have to offer, 

TABLE 2  Heterogeneous catalytic Biginelli multicomponent reactions.

Entry Catalyst/conditions Product Yield (%) Ref.

1 Al2O3-SO3H, solvent free, 
MW, 1–3 min

69–92 42

2 HClO4-SiO2, solvent free, 
80°C, 2 h

70–82 43

3 MNPs-BSAT, solvent free, 
100°C 40–80 min

80–95 44



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

Multicomponent reactions  Chapter | 3.7  451

4 ZnO NPs/SBA-15, 
ethanol, 65°C, 150–
210 min

75–96 45

5 Fe3O4/MCM41-OB(OH)2, 
solvent free, 50°C, US, 
15–50 min

88–96 46

6 Silica-supported 
H3PW12O40, acetonitrile, 
80°C, 50–100 min

50–95 41

7 Scolecite, acetonitrile, 
reflux temperature, 
30–60 min

65–91 47

8 g-C3N4, visible light, 
70°C, 60–120 min

44–57 48

9 C3N4/SO3H, ethanol, 
reflux, 20–50 min

76–98 49

10 White marble, ethanol, 
reflux, 25–55 min

88–96 50

11 Montmorillonite KSF 
supported H5PV2W10O40, 
ethanol, reflux, 1 h

79–97 51

MCM41, a special mesoporous silica; MNPs-BSAT, bis(p-sulfoanilino)triazine-functionalized silica-
coated magnetite nanoparticles; Ps/SBA, nanoparticles on Santa Barbara amorphous support; US, 
ultrasound.

Entry Catalyst/conditions Product Yield (%) Ref.



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

452  Heterogeneous catalysis in sustainable synthesis

the synthesis of the catalyst should also be carefully assessed from an envi-
ronmental point of view before labeling the reaction it catalyzes as “green.” 
It should be considered that the preparation of these silica-supported catalysts 
requires the use of potentially toxic reagents and/or organic solvent and/or harsh 
conditions. Another example of heterogeneous catalytic Biginelli reaction with 
a silica-supported catalyst is the one-pot synthesis of dihydropyrimidones using 
a silica-supported heteropoly acid (Table 2, entry 6).41 Here, the efficient and 
reusable catalyst was prepared via simple impregnation of the silica with an 
aqueous solution of the heteropoly acid. The additional benefits of the method 
revolve around the good tolerance toward a variety of substituents for all three 
components. On the negative side, the use of acetonitrile as the reaction solvent 
is against the eco-friendliness of the method. The same comment can be made 
for another method employing scolecite, a natural zeolite possessing both Lewis 
and Brønsted acidity (Table 2, entry 7).47 However, in this case the catalyst is 
employed directly in its original form, eliminating the use of extra reagents that 
are often required during the preparation of solid acid catalysts.

Other metal-free catalysts include graphitic carbon nitride48 and its sulfo-
nated version (Table 2, entries 8 and 9).49 Although the former is activated by 
visible light, which is a greener concept compared to the sulfonic acid function-
alization of the latter, the yields obtained are significantly lower.

The uncommon white marble catalyst, a naturally occurring metamorphic 
rock composed of recrystallized carbonate minerals, demonstrated high activ-
ity for the Biginelli reaction (Table 2, entry 10).50 The catalyst actually derives 
from the waste generated during the cutting of white marble pieces. The col-
lected powder was subjected to washing and drying treatments before its use in 
the synthesis of dihydropyrimidinones/thiones, which are particularly difficult 
to synthesize via alternative pathways. It was also successfully recovered from 
the reaction mixture and reused for several consecutive cycles.

The following example illustrates a multicomponent reaction forming a 
6-membered heterocycle-containing oxygen as the heteroatom in lieu of ni-
trogen.52 Furo[3,4-b]chromene derivatives were prepared from the MCR of an 
aldehyde, 4-hydroxyfuran-2(5H)-one, and 5,5-dimethylcyclohexane-1,3-dione 
in the presence of heterogeneous yttria-doped hydroxyapatite, obtained via a 
multistep synthesis (Scheme 6). The MCR protocol proposed employs ethanol 
at room temperature and allows the recycling of the catalyst.

SCHEME 6  Multicomponent synthesis of furo[3,4-b]chromene derivatives with Y2O3/HAp 
heterogeneous catalyst.
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It is worth noting that one of the most characteristic trends in designing 
new catalysts for Hantzsch or Biginelli-type multicomponent reactions, whether 
dihydropyridine or 4H-pyrans are the target products, is the use of magnetic 
nanoparticles often combined with silica that are commonly designed as a core-
shell. These core-shells are modified on their surface by natural products such 
as cellulose or other carbohydrates, or synthetic entities, that either act as an im-
mobilized organocatalyst, or as a binding unit for metal active centers. Mostly 
Fe3O4 is applied as magnetic species, but in some cases superparamagnetic 
Fe2O3 has also been used. The catalysts have been found recyclable in every 
case. Several of these applications are using the multicomponent reactions as 
assessment of catalytic activity mostly providing high yields.33, 34, 38, 53–56

3.7.2.2  Formation of 5-membered rings with multicomponent 
reactions

Although the Hantzsch reaction is mostly known for the preparation of pyri-
dines and their derivatives, it is also a reliable method to produce thiazoles, 
another type of heterocycle that is equally important in medicinal chemistry 
and also finds applications in material science.57 Only a few green Hantzsch 
thiazole synthetic methods are available in the literature. As a representative ex-
ample, silica-supported silicotungstic acid was applied to the one-pot synthesis 
involving 3-(bromoacetyl)-4-hydroxy-6-methyl-2H-pyran-2-one, thiourea, and 
substituted benzaldehydes under ultrasonic irradiation or under mild conven-
tional heating (65°C).57 The environmentally benign reusable catalyst consti-
tutes a superior alternative to most homogeneous catalysts, affording thiazoles 
in no less than 80% yield (Scheme 7). The resulting products were compared 
to amoxicillin and ciprofloxacin for their antibacterial activity; the synthesized 
compounds demonstrated significantly higher activity than the controls.

The Gewald synthesis, although less documented in the literature than the 
Hantzsch reaction, is a useful method to prepare sulfur-containing 5-membered 
rings from sulfur, an α-methylene carbonyl compound, and an α-cyanoester.58 
The reaction mechanism is initiated by a Knoevenagel condensation and is 

SCHEME 7  Silica-supported silicotungstic acid-catalyzed Hantzsch synthesis of thiazole 
derivatives.
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terminated by a cyclization step driven by the force of aromatization. Three 
examples are selected to illustrate the applications of this MCR type in Table 3.

Two of the methods use a solid base catalyst, one is sodium aluminate59 and 
the other is a piperazine supported on amorphous silica heterogeneous catalyst 
(Table 3, entries 1 and 2).60 It should be noted that both of these methods exhibit 
some limitations in regard to the substrates. It appears that the yield is signifi-
cantly dependent on the nature of the substituents on the ketone especially for 
the sodium-aluminate-catalyzed reaction.

Commercial zinc oxide constitutes an eco-friendly and simple option to cat-
alyze the Gewald reaction (Table 3, entry 3).61 Here again, the yields range from 
moderate to high depending on the substrates. Unlike the other two methods 
that employ ethanol as the solvent under mild temperatures, the metal-catalyzed 
reaction is performed under neat conditions at a higher temperature.

Another important class of 5-membered aromatic heterocycles is pyrrole and 
its derivatives. They are valuable precursors in materials science and medicinal 
chemistry due to the interesting properties they exhibit.62 Various methods ex-
ist for the preparation of pyrroles depending on the available starting materials 
and continuous progress is being made to develop more efficient and sustain-
able syntheses. Multicomponent one-pot syntheses catalyzed by solid acids have 
been applied to the synthesis of pyrroles for this purpose. In fact, a wide range 
of heterogeneous catalysts have been reported to efficiently catalyze this trans-
formation. Particularly, magnetic nanoparticles employed under mild conditions 
demonstrated versatile properties in addition to their great stability and easy re-
covery with the aid of an external magnet. Applying nano CoFe2O4-supported 
antimony complex in ethanol at 80°C was a powerful protocol to afford 48 dif-
ferent multisubstituted pyrroles (Scheme 8).63 It is important to mention that 
the synthesis of the catalytic material prepared by chemical coprecipitation was 
relatively green, involving minimal reagents and mild reaction conditions.

TABLE 3  Heterogeneous catalytic Gewald reactions.

Entry Catalyst/conditions Yield (%) Ref.

1 NaAlO2, ethanol, 60°C, 6–16 h 26–97 59

2 KG-60-piperazine, ethanol, reflux, 4 h 41–89 60

3 ZnO, solvent free, 100°C, 6 h 45–75 61
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Simple nanosized magnetite exhibited catalytic activity for the synthesis of 
pyrroles as well, although the method was successful only for a limited range 
of pyrrole derivatives (Scheme 9).56 Nonetheless, the magnetic properties of the 
catalyst allowed its easy recovery and reuse.

The four-component reaction of amines, aldehydes, α-methylene ketones, 
and nitroalkanes is another common way to prepare pyrroles and has been the 
subject of multiple works proposing various protocols as summarized in Table 4.

One of the methods also uses a magnetic catalyst, a copper Schiff-base com-
plex immobilized on silica-coated Fe3O4, under solvent‐free conditions (Table 4. 
entry 1).56 In spite of a relatively long catalyst synthesis, superior results were 
obtained as compared to the other methods in addition to the use of milder 
reaction conditions. Lower yields were obtained for the method employing 
heterogenized tungsten catalyst, which too, required several preparation steps 
involving organic solvents (Table  4, entry 2).64 While the NiO nanoparticle- 
catalyzed reaction possessed obvious advantages, the results obtained vary 
greatly depending on the substrates (Table  4, entry 3).65 The same metal, 
complexed with ferrite provided higher and more consistent yields (Table  4, 
entry 4).66 The two other methods involving a polymer-supported acid67 and 
an ion exchange resin,68 using either microwave irradiation or ultrasounds as 
activation energy, provided good to excellent yields (Table 4, entries 5 and 6).

A similar, pseudo-four-component reaction was developed for the synthesis 
of poly-substituted 3-pyrrolin-2-ones by Zhang’s group by using dialkyl acety-
lenedicarboxylate, amines, and aromatic aldehydes (Scheme 10).69 The authors 
developed an MOF (metal-organic framework)-immobilized phosphomolybdic 
acid (H3PMo12O40) catalyst for this reaction. The reuse of the catalyst was at-
tempted and it was found to show stable activity even after five consecutive runs.

SCHEME 8  Nano CoFe2O4-supported Sb-catalyzed synthesis of multisubstituted pyrroles.

SCHEME 9  Fe3O4-catalyzed synthesis of multisubstituted pyrroles.
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Besides pyrroles, certain fused phthalazines also belong to nitrogen-containing 
five-membered-ring heterocycles that exhibit interesting biological properties such 
as anticonvulsant,70 antimicrobial,71 cardiotonic,70 and vasorelaxant70 properties as 
well as unique optical and electrical properties.72, 73 These molecules can easily be 
prepared in a single step MCR catalyzed by the highly nucleophilic organic base 
1,4-diazabicyclo[2.2.2]octane (DABCO). The major disadvantage of a DABCO-
based catalyst is its difficult separation from the products after the completion of 
the reaction. A heterogeneous and recyclable DABCO catalyst is therefore of great 
interest to solve the recovery issue. Silica-supported DABCO was proposed as a 
heterogeneous recyclable catalyst for the conversion of phthalhydrazide, dimedone, 
and substituted benzaldehyde to phthalazine-trione derivatives (Scheme 11).74 The 
reaction proceeded in refluxing ethanol in less than an hour and the yields reached 

SCHEME 10  Synthesis of poly-substituted 3-pyrrolin-2-ones by an H3PMo12O40/MOF-5-
catalyzed pseudo-four-component reaction.

TABLE 4  Heterogeneous catalytic four-component syntheses of 
multisubstituted pyrroles.

Entry Catalyst/conditions Yield (%) Ref.

1 SB Cu/silica Fe3O4, solvent free, RT, 20–40 min 80–93 56

2 WO4H/SiO2, solvent free, reflux, 4 h 60–88 64

3 NiO NPs, solvent free, RT, N2 atmosphere, 4 h 28–88 65

4 NiFe2O4 NPs, solvent free, 100°C, 3–4 h 80–96 66

5 p-TSA doped polystyrene, MW, 80°C, 50–70 min 78–90 67

6 Amberlyst 15, RT, US, 4–6 h 60–80 68

MW, microwave; p-TSA, p-toluenesulfonic acid; US, ultrasound; NPs, nanoparticles.
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above 80% independently of the substituent on the phenyl ring of benzaldehyde. 
The unique aspect of this method is the origin of the silica, obtained from rice husk, 
an inexpensive and eco-friendly source of silica. The preparation of the material, 
however, requires a combined acid and heat treatment while a single acid or a 
single heat treatment is sufficient when producing silica from sodium silicate or 
organosilicon compounds, two common sources of silica.75

Pyrazoles and pyrazolones constitute another significant class of bioactive 
nitrogen-containing heterocycles.76 The earlier developed methods for the syn-
thesis of pyrazoles, involving refluxing the reagents for several hours,77 were 
progressively replaced by newer synthetic routes, such as one-pot multicompo-
nent syntheses, solvent-free syntheses, and heterogeneous-catalytic processes 
providing higher yields in shorter reaction times.78 For instance, the synthesis 
of bis (pyrazolyl)methane derivatives was conducted in the presence of Pd(0)-
guanidine@MCM-41 catalyst under solvent-free conditions (Scheme 12). The 
nanocatalyst was prepared by grafting guanidine onto the surface of MCM-
41, previously functionalized with (3-chloropropyl)-trimethoxysilane, via a 
substitution reaction of the amino group of guanidine with terminal Cl groups 
of the mesoporous material. This step was followed by the reaction of guani-
dine@MCM-41with Pd(OAc)2. It was demonstrated that this catalyst was su-
perior in efficiency as compared to other reported catalysts such as CuFe2O4 
or [pyridine-SO3H]Cl for the synthesis of bis(pyrazolyl)methanes. The one-pot 
three-component reaction between 3-methyl-1-phenyl-1H-pyrazol-5(4H)-one 
and aromatic aldehydes in presence of the nanocatalyst exhibits several notable 
advantages, including green conditions, short reaction times, high yields, easy 
workup, and good recyclability of the catalyst.

SCHEME 11  Synthesis of phthalazine-trione derivatives by the silica-supported DABCO-
catalyzed MCR (RHA-rice husk based silica).

SCHEME 12  Pd(0)-guanidine@MCM-41-catalyzed synthesis of bis (pyrazolyl)methanes.
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Yielzoleh and Nikoofar described the preparation of a multilayered 
inorganic-bioorganic nanosized hybrid catalyst on a magnetite silica support 
by embedding glutamic acid into the magnetized silica followed by anchoring 
Cu(II) (nano Fe3O4-SiO2@Glu-Cu (II)). In addition to the extensive character-
ization of the catalyst by FT-IR, field-emission scanning electron microscopy 
(FESEM), energy dispersive X-ray analysis (EDAX), transmission electron 
microscopy (TEM), X-ray fluorescence (XRF), thermogravimetric analysis 
(TGA-DTG), vibrating sample magnetometer (VSM), X-ray photoelectron 
spectroscopy (XPS), and Brunauer-Emmett-Teller (BET) techniques, the au-
thors applied this newly prepared material for the solvent-free synthesis of 
thiazolidin-2-imines (Scheme 13).79 The products were obtained in good to 
excellent yields. The authors evaluated the recyclability of the catalyst as well. 
It was found that, as expected, the magnetic separation of the catalyst occurred 
readily using methanol to isolate the product. Although the catalyst maintained 
its activity, a slight decrease in yields was observed in three consecutive reac-
tions (90%–88%–86% yield).

A one-pot, three-component method has been developed for the RuO2/
MMT (K-10 montmorillonite)-catalyzed synthesis of N-aryl tetrazoles from 
substituted anilines, triethyl-ortho-formate, and sodium azide (Scheme 14).80 
The X-ray analysis indicated that the geometry of the RuO2 nanoparticles was 
spherical and they appeared to have a homogeneous distribution on the sur-
face of the montmorillonite. The solvent-free conditions resulted in good to 
excellent yields for the products. The catalyst was found to exhibit excellent 
recyclability; there was only 5% decrease in its activity even after the fifth 
reaction.

SCHEME 13  A nano Fe3O4-SiO2@Glu-Cu (II)-catalyzed synthesis of thiazolidin-2-imines.

SCHEME 14  A RuO2/MMT-catalyzed synthesis of N-aryl-tetrazoles.
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3.7.2.3  Formation of aliphatic bonds

The Strecker synthesis, occurring between a carbonyl compound, an amine, and 
a cyanide, is one of the oldest and most important multicomponent reactions be-
cause it produces the useful intermediates, α-aminonitrile derivatives, that can 
be further transformed to generate α-amino acids, nitrogen-containing hetero-
cycles, or other value-added chemicals.81 To avoid the use of hazardous alkali 
metal cyanides82 or HCN,83 multicomponent Strecker reactions can take advan-
tage of other sources of cyanide, such as trimethylsilyl cyanide, a relatively safe 
and easy to handle chemical. In addition to employing a safer cyanide source, 
heterogeneous catalysis can be applied to further decrease the environmental 
impact of the one-pot multicomponent Strecker reactions. Representative ex-
amples are tabulated in Table 5.

While some heterogeneous catalysts, such as mesoporous aluminosilicates, 
Al-MCM-41,84 chitosan,85 and MOFs86, 87 resulted in the formation of the prod-
ucts in high yields without prior modification/functionalization, others such 

TABLE 5  Heterogeneous catalytic Strecker MCRs.

Entry Catalyst/conditions Product Yield (%) Ref.

1 Al-MCM-41, dichloromethane, 
RT, Ar atmosphere, 2–24 h

40–100 84

2 Chitosan, solvent free, RT,  
3 min-12 h

80–95 85

3 Ga, In-MOFs, solvent free, RT, 
5–80 min

91–99 86

4 In-MOF, water, methanol or 
ethanol, N2 atmosphere, RT, 
3–48 h

64–99 87

5 MCM-41-SO3H, ethanol, RT, 
15–250 min

85–97 88

6 Silica-supported H3PW12O40, 
acetonitrile, RT, 1–120 min

50–98 89
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as silica-supported heteropolyacids88 and MCM-41 anchored sulfonic acid89 
were functionalized before being successfully applied to the Strecker MCR. It 
is worth noting that the chitosan-catalyzed reaction was performed under truly 
green conditions (Table 5, entry 2) and yet afforded yields equivalent to those 
of other reported methods (Table 5, entries 1, 4–6). The great potential of chi-
tosan is mainly due to the presence of free amino groups at the surface of the 
material and its insoluble nature allowing an easy recovery and reuse. Another 
outstanding work reported the synthesis of novel MOFs with Ga and In under 
neat conditions (Table 5, entry 3).86 Interestingly, it was found that the cata-
lysts exhibited different behavior as a function of the ratio of the metals in the 
organic framework. Two of the MOFs synthesized resulted in high selectivity 
in the cyanosilylation and the imine formation products instead of the expected 
aminonitrile product.

Another MCR for the synthesis of aliphatic products, the Mannich reaction, 
dating back to 1912, is a useful method for the construction of carbon-carbon 
bonds affording β-aminocarbonyl compounds.3 The reaction is initiated by the 
carbonyl-containing starting material that reacts with an amine to form an imin-
ium ion as the intermediate; this ion further reacts with a compound containing 
an acidic proton (which is, or had become an enol). Usually performed with the 
aid of transition metal catalysts, Brønsted or Lewis acids, the Mannich reaction 
proved to be valuable in the total synthesis of natural products.90 It is notably 
crucial to produce precursors of β-lactams, β-amino acid derivatives, and other 
biologically active compounds. In the past years, the Mannich reaction has been 
revisited and extensive efforts have been made to apply heterogeneous catalytic 
systems in order to comply with the green chemistry principles. Sustainable 
protocols of heterogeneous catalysis-driven Mannich and Mannich-type reac-
tions are described in Table 6.

Silica-supported metal-,91, 92 or silica supported acid-,93 ion exchange 
resin-,94 metal nanoparticle95 or metal oxide nanoparticle-96, 97 and clay98-
catalyzed Mannich reactions offer various advantages. Essentially, due to the 
large surface area of the diverse catalysts employed they provided excellent 
yields in relatively short reaction times. Moreover, their solid nature enabled 
a good recyclability of the catalytic system (Table 6, entries 1–8). In regard to 
the reaction conditions, most reactions were performed at ambient tempera-
ture apart from the Amberlyst-catalyzed reaction requiring temperatures above 
100°C to achieve acceptable activity (Table 6, entry 4). On a similar note, while 
most methods employed a green solvent or no solvent, the SiO2-I-catalyzed 
reaction provided optimum results in acetonitrile, a not truly green solvent 
(Table 6, entry 2). It should be noted that for the selected examples, the yields 
reported are isolated yields.

Interestingly, the silica ferric hydrogensulfate catalyst applied for the 
Mannich reaction of aromatic amines, aldehydes and cyclohexanone, is be-
lieved to govern the diastereoselectivity of the reaction by controlling the ste-
reochemistry of the transition state (Table 6, entry 1). As a result, the major 
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TABLE 6  Heterogeneous catalytic multicomponent Mannich reactions.

Entry Catalyst/conditions Starting materials Product Yield (%) (e.r) Ref.

1 Ferric hydrogensulfate/SiO2, 
ethanol, RT, 1–24 h

Substituted anilines, substituted 
benzaldehydes, cyclohexanone

65–86
(99:1)

91

2 SiO2-I, acetonitrile, RT, 3 h Substituted benzaldehyde, indole, 
pyrrolidine

88–92 92

3 HClO4-SiO2, ethanol, RT, 
10–17 h

Aromatic aldehydes, aromatic amines, 
acetophenone

75–95 93

4 CuI-Amberlyst-21, solvent 
free, 110°C, 1–8 h

Aldehydes, aniline, nitromethane 34–88 94

Continued
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TABLE 6  Heterogeneous catalytic multicomponent Mannich reactions—cont’d

5 Cu NPs, methanol, RT, N2, 
8–12 h

Aromatic aldehydes, aromatic amines, 
cyclohexanone or acetophenone

73–97 95

6 Nano MgO, water, RT, 
120–200 min

Aromatic aldehydes, amines and 2-naphtol 82–90 96

7 ZnO NPs, solvent free, 
100°C, 10–60 min

Phenols, anthraquinone aza crown ether, 
paraformaldehyde

87–97 97

8 Montmorillonite K10, 
ethanol, RT, 8–10 h

Substituted benzaldehydes, aromatic 
amines and

81–93 98

Entry Catalyst/conditions Starting materials Product Yield (%) (e.r) Ref.
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product is not the most sterically favored but the most electronically favored due 
to the interaction with the iron center—the antiisomer.91

The combination of 2-piperazinyl quinoxaline or 2-(piperazin-1-ylmethyl)-
benzimidazole and various isatin derivatives via bridging reaction using form-
aldehyde (Scheme 15) was achieved by Esam et  al.99 The authors used this 
multicomponent Mannich type reaction as a test system to characterize a 
newly developed superparamagnetic Fe3O4 core-shell supported sulfonic acid 
nanoparticles (Fe3O4@PFBA-metformin@sulfonic acid MNPs (magnetic 
nanoparticles)) as a novel acid nanocatalyst. The material has been thoroughly 
characterized by FTIR, X-ray diffraction (XRD), energy dispersive X-ray 
spectroscopy (EDS), field-emission scanning electron microscopy (FESEM), 
transmission electron microscopy (TEM), thermogravimetric analysis analysis 
(TGA-DTA), atomic force microscopy (AFM), dynamic light scattering (DLS), 
Brunauer-Emmett-Teller (BET), and vibrating sample magnetometer (VSM) 
techniques. The products were obtained in excellent yields independently of the 
substituent on the isatin. It has been reported that the catalyst could be recycled 
in six consecutive reactions with only minor decrease in product yields.

SCHEME 15  A Fe3O4@PFBA-metformin@sulfonic acid-catalyzed coupling of 2-piperazinyl qui-
noxaline or 2-(piperazin-1-ylmethyl)-benzimidazole with formaldehyde and various isatin derivatives.
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Propargylamines are versatile compounds that can serve as building blocks 
for nitrogen-containing drugs such as alkaloids100 or polycyclic pyrroles,101 
and other useful synthetic precursors.102 While some preparation methods of 
propargylamines require high temperatures, inert atmospheres, and long reac-
tion times,103 multicomponent reactions with appropriate heterogeneous cata-
lysts offer an efficient way to produce these compounds in high yields under 
mild reaction conditions. Representative data are presented in Table 7.

Multiple reports in the literature proposed the synthesis of propargylamines 
via the coupling of an aldehyde, amine, and alkyne using supported copper cata-
lysts. Zeolites,104 polymers,105, 106 resins,107, 108 mesoporous organosilica,109 or 
graphene oxide110 materials have all been considered to serve as support for the 
copper salt in order to improve its properties as a catalyst. The functionalization 
of these solid materials involves a multistep synthesis that should be evaluated 
before claiming an environmentally friendly catalyzed MCR. Indeed, simple 
syntheses requiring a minimum amount of organic solvent and few additional 
reagents are preferable. For instance, although the graphene-oxide-supported 
CuCl2 catalyst provided high yields, good recyclability, and a possible scale-up of 
the reaction, the preparation of the catalyst employing N,N-dimethylformamide 
and overnight reaction time at 90°C should be taken into consideration for a 
holistic assessment of the environmental impact.110 Similarly, copper nanopar-
ticles supported on a zinc oxide-polythiophene support were prepared via three 
stages: the preparation of the zinc oxide nanorods, the synthesis of the zinc ox-
ide polythiophene nanocomposite, and finally the deposition of copper nanopar-
ticles on the support.106 It could be argued that the advantages of the MCR it 
catalyzes, namely the short reaction times and the use of a green solvent, are 
somewhat tempered by the laborious and chemical intensive preparation of the 
catalyst. To the contrary, the synthesis of copper nanoparticles stabilized onto a 
polystyrene resin was performed in a two-step process involving green solvents, 
methanol, and water, under mild temperatures.114

Other efficient catalysts include gold nanoparticles,111 graphene oxide-
supported magnetite,112 and nano Fe2O3/silica/ionic liquid/Ag.113 The first two 
catalysts provided interesting results and were prepared through simple meth-
ods (Table 7, entries 8 and 9). Regarding the latter mentioned catalyst, despite 
the long synthesis due to the presence of several constituents, efforts were made 
to include green chemistry principles such as the preparation of silver nanopar-
ticles using biosynthesis (Table 7, entry 10). In addition, the catalyst afforded 
high yields in short reaction times in water and demonstrated high versatility as 
40 examples of propargylamines were synthesized. As a significant advantage, 
the catalysts reported in Table 7 were successfully recycled with no exception.

3.7.3.  Isocyanide-based reactions

Isocyanides, also called isonitriles, are compounds with a zwitterionic structure 
composed of a divalent carbon stabilized by an electron-donor nitrogen atom. Due 
to their unusual structure subject to resonance, they possess an interesting reactivity 
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TABLE 7  Heterogeneous catalytic multicomponent synthesis of 
propargylamines.

Entry Catalyst/conditions Product Yield Ref.

1 Cu(N2S2)Cl/Y-zeolite, 
dichloroethane, 70°C, 
12–20 h

80–91 104

2 Polymer-anchored copper 
(II) complex, toluene, 
110°C, 6 h

64–90 105

3 CuNPs/ZnO-polythiophene, 
ethylene glycol, MW, 80°C, 
15 min

71–99 106

4 CuI A-21, solvent free, N2 
atmosphere, 100°C, 2–6 h

87–96 107

5 Cu NPs/resin, toluene, MW, 
100°C, 25 min

65–99 108

6 Cu/periodic mesoporous 
organosilica, chloroform, 
60°C, 24 h

82–99 109

7 Graphene oxide-CuCl2, 
MW, solvent free, 90°C, 
20 min

85–98 110

8 Au NPs, water, RT, 3 h 70–94 111

9 Fe3O4-graphene oxide, 
water, 90°C, 16 h

37–93 112

10 Fe2O3/SiO2-IL/Ag, water, 
MW, RT, 10–25 min

79–95 113

IL, ionic liquid.
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based on three main properties: the α-acidity, the α-addition, and the ease of radical 
formation.115 They are therefore excellent candidates for MCRs as they are prone 
to irreversible ring-closure reaction, aromatization, or electrophilic addition.116

3.7.3.1  Isocyanide-based MCRs for the preparation of 
5-membered rings

Isocyanide-based multicomponent reactions have emerged as a powerful tool for 
the synthesis of complex, drug-like molecules often possessing a 5-membered ring 
formed as a result of the reaction.117 In fact, when using isocyanides as a starting 
material, MCRs appear to commonly lead to a 5-membered ring cyclization. Many 
examples of such reactions in the literature employ 2-aminobenzothiazole as a sec-
ond reagent. Fig. 1 exhibits the possible products and the corresponding yields of 
the MCRs of isocyanide and 2-aminobenzothiazole combined with a third reagent 
for the heterogeneous catalytic synthesis of multiple heterocycles. Interestingly, 
only a few heterogeneous catalyst types have been shown to successfully drive 
those reactions; metal oxides, in their regular or nanoparticle forms, are among of 
them. For instance, spiroheterocycles were obtained with structural diversity by 
reacting 2-aminobenzothiazole with cycohexyl/tert-butyl isocyanides and isatins/
cyclic carbonyl compounds in the presence of TiO2 nanoparticles in aqueous etha-
nol (Fig. 1, entries 1–4).118 The excellent yields of the reaction were not the only 
benefits of the environmentally benign method; the nanocatalyst employed also 
demonstrated superior recyclability compared to the commercially available coun-
terpart. In addition, their synthesis entailed a simple and mild chemical precipitation 
method. Modified TiO2 nanoparticles with p-TSA also offered a cost-effective and 
green catalytic system to synthesize spirooxindoles in aqueous medium (Fig. 1, en-
try 5).119 When combined with indole-3-carbaldehyde, and 2-aminobenzothiazole, 
phenyl isocyanide afforded biologically active 3-aminoimidazo-benzothiazole de-
rivatives in a polar protic solvent using P2O5/SiO2 as a catalyst (Fig. 1, entry 6).120 
The aforementioned catalysts demonstrated good recyclability.

CeO2, in its nanorod form, is another promising metal oxide candidate 
for the catalysis of isocyanide-based MCRs due, in part, to its porous struc-
ture. Highly functionalized imino-pyrrolidine-thiones were produced in high 
yields from a four-component reaction using benzaldehyde, malononitrile, 
2-mercaptobenzoxazole, and isocyanide (Scheme 16).121 It is noteworthy that 
the aqueous medium played an important role in the reaction as it is believed 
to gather the organic reagents at the surface of the catalyst, due to hydrophobic 
effect, thus promoting their interaction.

Continuing the illustration of metal oxide nanoparticle-catalyzed isocyanide 
based-MCRs, ZnO demonstrated high activity in the one-pot three-component 
synthesis of imidazo-fused polyheterocycles, a class of compound that is not 
only used for its drug-like properties but also as bioimaging probes due to 
distinctive structural features.122 The reaction was performed in ethanol at 70°C 
in short reaction times (Scheme 17). The catalyst could be recycled for up to 
eight consecutive cycles with retention of its initial catalytic activity.
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FIG. 1  Heterogeneous catalytic synthesis of diverse 5-membered heterocycles.

SCHEME 16  The synthesis of imino-pyrrolidine-thiones by a nanorod CeO2-catalyzed MCR.
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A less complex, yet biologically relevant group of compounds,  
3-aminoimidazo[1,2-a]pyridines can be prepared through the Groebke-
Blackburn-Bienaymé reaction123 of 2-aminopyridine, an aldehyde and an al-
kyl or aryl isocyanide in presence of a catalytic amount of cellulose-supported 
Fe2O3,

124 sulfuric acid supported on multiwalled carbon nanotubes,125 or by us-
ing a mesoporous silica immobilized lipase enzyme (Table 8).126

Each catalytic method possesses its own advantages. The iron oxide-
based material exhibits a magnetically recoverable potential and is prepared 
via a simple two-step procedure involving aqueous iron chloride solutions 
and a thiourea/urea-containing cellulose solution under ambient conditions 

TABLE 8  Heterogeneous catalytic multicomponent synthesis of 
3-aminoimidazo[1,2-a]pyridines by the Groebke-Blackburn-Bienaymé 
reaction.

Entry Catalyst/conditions Yield (%) Ref.

1 Cellulose/Fe2O3, methanol, 
reflux, 3 h

78–96 124

2 MWCNTs-OSO3H, methanol, 
RT, 40 min

71–91 125

3 CALB@SiO2, ethanol, RT, 
overnight

55–91 126

CALB@SiO2, Candida antarctica lipase B immobilized on mesoporous silica; MWCNT, multiwalled 
carbon nanotubes.

SCHEME 17  ZnO-catalyzed MCR producing imidazo-fused polyheterocycles.



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

Multicomponent reactions  Chapter | 3.7  469

(Table 8, entry 1). The MC reaction it catalyzes is, however, performed under 
reflux. In contrast, the carbon-nanotube-based material catalyzes the reaction 
at room temperature in short times but its synthesis requires the use of chloro-
sulfonic acid in hexane. Both methods provide high yields and good catalyst 
recyclability (Table 8, entries 1 and 2). The third method is the first applica-
tion of an immobilized enzyme catalyst (CALB@SiO2, Table 8, entry 3) in 
this reaction, thus the catalyst is environmentally compatible. The method 
also applies a green solvent, and the catalyst is recyclable in five consecutive 
reactions, although the yields decrease significantly by the end of the fifth run 
(91%–60%).

Zirconium metal-organic framework (UiO-66) demonstrated high activity for 
the preparation of various nitrogen-containing heterocyclic scaffolds, including 
imidazopyridine, pyridine, and quinoxaline moieties.127 These compounds were 
obtained in high yields under solvent-free conditions (Scheme 18). Another no-
table advantage of this environmentally friendly protocol is the reusability of 
the catalyst that provided consistent results in at least three consecutive cycles. 
Scheme 18 shows a representative reaction performed via this approach; it should 
be noted that other products such as 2,4,6-triphenyl pyridine, N-cyclohexyl-3,4-
dihydro-3,3-dimethyl quinoxalin-2 amine, and 3,4-dihydroquinoxaline-2-amines 
could be prepared under the same solvent-free conditions but at different 
temperatures.

3.7.3.2  Isocyanide-based MCRs for the preparation of 5- and 
6-membered heterocycles

Examples of reactions leading to the formation of 5- and 6-membered heterocy-
cles and involving isocyanides are the synthesis of quinoxaline, pyridine, pyran, 
and pyrazole derivatives. These heterocycles possess a variety of biological and 
pharmaceutical properties, including antibacterial,128 antiinflammatory,129 an-
tiviral,130 antiproliferative,131 and antioxidant132 activities among others. Their 
synthesis and characterization are commonly performed and the search for ef-
ficient and recyclable catalysts is of growing interest.

One example illustrating the production of quinoxaline derivatives involves 
the use of aldehydes, o-phenylenediamine and cyclohexyl isocyanide as starting 

SCHEME 18  Heterogeneous catalytic MCR-based one-pot synthesis of imidazo[1, 2-a]pyridines 
using UiO-66 nanocatalyst.
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materials. The resulting N-cyclohexyl-3-aryl-quinoxaline-2-amines were ob-
tained in high yields under environmentally friendly conditions aided by ZnO 
nanoparticles (Scheme 19).133 Employing ZnO nanoparticles as a catalyst in the 
present reaction appears to offer several advantages, namely, a simple catalyst 
preparation, a yield enhancement, the ease of workup, and the possibility to re-
cover and reuse the catalyst in six cycles without significant decrease in yields.

Other materials have also been considered as heterogeneous catalyst pre-
cursor for the synthesis of quinoxaline or pyrazine derivatives such as natural 
biopolymers, e.g., white wool. The approach is an alternative to the methods in-
volving the sulfonation of supports with sulfuric acids or chlorosulfuric acid.134 
Instead, due to the presence of SS bonds in wool, an oxidation step affords 
the  SO3H groups that can potentially play the role of a solid acid catalyst. 
Wool-SO3H demonstrated high activity in one-pot isocyanide-based multi-
component reactions from a carbonyl compound, an amine, and isocyanide 
(Scheme 20).135 The catalyst was recyclable after a filtration step that could be 

SCHEME 20  Wool-SO3H or Fe3O4/wool-catalyzed synthesis of pyrazine- and quinoxaline derivatives.

SCHEME 19  Heterogeneous catalytic synthesis of N-cyclohexyl-3-aryl-quinoxaline-2-amines us-
ing ZnO nanoparticles.
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bypassed by using a magnetic version of the catalyst (wool/Fe3O4). However, 
even though the synthesis of the catalyst did not involve sulfuric acid; the mul-
tiple wash steps, the use of potassium permanganate, sodium sulfite, and acetic 
acid were all necessary to obtain sufficient number of active sites.

A third example illustrating 6-membered ring multicomponent cyclization 
is the one-pot synthesis of 2-amino-4H-pyran derivatives via MCM-41@Schiff 
base-Co(OAc)2-mediated reaction of cyclohexane-1,3-diones, an aldehyde, and 
malononitrile (Scheme 21).136 Pyrans are oxygen-containing heterocyclic com-
pounds which skeletons are widely found as structural unit of natural products, 
including sugars and coumarins. As most heterocycles, pyran derivatives exhibit 
bioactive properties that have notably been evaluated for their anticancer poten-
tial.137 The catalyst exhibited excellent performance; it afforded the products 
with yields around 90% in water at 50°C in a 3 h long reaction. The mesoporous 
silica-based catalyst showed good recyclability, it was recovered and reused in 
at least six cycles while maintaining a yield above 80%.

Pyrazole derivatives, another useful group of biologically active heterocy-
clic compounds, can also be prepared from malononitrile as one of the starting 
materials. Various nanocomposite catalysts, exhibiting apparent synergetic ef-
fect provided by the different nanomaterials that compose them, have shown 
remarkable activity for the production of pyrano[2,3-c]pyrazole derivatives 
(Table 9).128, 138, 139

A magnetic nanocomposite catalyst based on melamine-functionalized 
graphene oxide nano-sheets, iron oxide nanoparticles, and zinc oxide, pre-
pared via a multistep synthesis, efficiently catalyzed the one-pot four-
component reaction in short reaction times with excellent yields (Table  9, 
entry 1).138 The reaction mechanism appears to be initiated by effective elec-
tronic interactions between the Lewis acid sites of the ZnO nanoparticles and 
the heteroatoms of the carbonyl-containing starting materials. In addition 
to excellent catalytic activity, the catalyst demonstrated facilitated recovery 
upon magnetic separation and collection and good recyclability in at least 
eight consecutive cycles after which a noticeable drop in yield was observed. 
Another nanocomposite material based on SiO2 nanoparticles and the com-
bination of Co3O4 nanoparticles and amino groups successfully catalyzed 

SCHEME 21  Heterogeneous catalytic MCR-based synthesis of 2-amino-4H-pyran derivatives us-
ing MCM-41@Schiff base-Co(OAc)2.



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

472  Heterogeneous catalysis in sustainable synthesis

the synthesis of 1,4-dihydropyrano[2,3-c]pyrazoles from ethyl acetoacetate, 
hydrazine hydrate, aldehydes, and malononitrile (Table  9, entry 2).128 This 
approach ensured high yields in short reaction times. The high catalytic ac-
tivity was attributed to the Brønsted base properties in addition to the high 
surface area. Unlike the graphene oxide-based catalyst, the recyclability of 
this nanocomposite was not investigated although the replacement of Co3O4 
with the magnetic Fe3O4 nanoparticles was discussed. A third nanomaterial 
served as a backbone to generate a nanocomposite catalyst: halloysite nano-
tubes, naturally occurring aluminosilicate clay minerals that have the particu-
lar capability to hold both negative and positive charges within their structure 
(Table 9, entry 3).139 In fact, the silica groups contained in the material ren-
dered the external surface negatively charged while the alumina groups turned 
the core of the nanotubes into a positively charged internal surface. Like the 
two other nanocomposites reviewed, these halloysite nanotubes were func-
tionalized with an imino group-containing compound, poly(ethylene imine), 
and magnetite. The desired products were obtained in high yields under mild 
reaction conditions. The catalyst presented similar behavior as the graphene 
oxide-based catalyst in terms of recyclability; it could be easily recovered 
upon application of an external magnet and it was reused in eight consecutive 
cycles before detecting a significant loss in activity.

Keggin-type heteropolyacids, specifically H3PW12O40, well known for their 
high acidity and thus their great catalytic activity, were heterogenized over 
amine-functionalized Fe3O4@SiO2 nanoparticles and applied in the synthesis 
of pyrano[2,3-c]pyrazole derivatives.140 In addition to making possible the re-
cycling of the heteropolyacid catalyst, the immobilization increased its stability 

TABLE 9  Heterogeneous catalytic synthesis of 1,4-dihydropyrano[2,3-c]
pyrazoles.

Entry Catalyst/conditions Yield (%) Ref.

1 Fe3O4/graphene oxide@melamine-ZnO, EtOH, 
RT, 10 min

89–96 138

2 Co3O4@SiO2-NH2, H2O/EtOH, RT, 35–55 min 88–95 128

3 Fe3O4@halloysite nanotubes-poly(ethylene) 
imine, EtOH, RT, 10–20 min

89–96 139

4 Fe3O4@SiO2EP-NH-HPA, H2O, RT, 3–11 min 89–98 140
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and also surprisingly increased its activity. In addition, the particular advantage 
of the catalyst lies in the origin of the silica nanoparticles that were extracted 
from the densely silicified horsetail plant defined as a cheap, highly reactive 
silicon source. The resulting heterogeneous catalyst exhibited excellent perfor-
mance in the MCR. It should be noted that the synthesis of the catalyst requires 
three steps in addition to the extraction process to collect the silica from the 
horsetail plant. While the reaction steps were performed under relatively mild 
temperatures (60–80°C), the reactants were stirred for 24 h for each of the three 
steps. Moreover, a few organic solvents were employed, and several washing 
steps were required (Scheme 22).

All four methods presented in Table 9 determined ethanol, water, or a mix-
ture of the two to be the preferred solvents which, in addition to mild conditions, 
contribute to the environmentally benign features of the reactions.

It was already shown in the previous section that pyridine derivatives 
are commonly synthesized via one-pot multicomponent reactions; it will be 
demonstrated this time that they can be prepared specifically via MCRs in-
volving isocyanides. As a representative example, the novel nanostructured 
melamine-based organic solid acid with phosphorus acid tags served as a 
heterogeneous catalyst for the synthesis of (3′-indolyl)pyrazolo[3,4-b] pyri-
dines from cyano-acetylindole, 3-methyl-1-phenyl-1H-pyrazol-5-amine, 
and an aromatic aldehyde (Scheme 23).141 The synthesis of the catalyst 
was relatively simple, entailing a one-step reaction of paraformaldehyde, 
1,3,5-triazine-2,4,6-triamine, phosphorous acid in ethanol with a minimal 
amount of hydrochloric acid. More importantly, it yielded above 90% of solid 
catalyst that was collected after a simple filtration. The synthesized melamine 
hexakis(methylene)-hexakis(phosphonic acid) (MHMHPA) successfully cata-
lyzed the four-component reaction in good yields in ethanol under reflux con-
ditions. The solid catalyst could be recovered and reused in six consecutive 
cycles while still retaining satisfactory catalytic activity.

SCHEME 22  Schematic representation of the synthesis of Fe3O4@SiO2-EP-NH-HPA (IV) 
nanocatalyst.
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Another eco-friendly method affording pyridine derivatives from cyclohexa-
none, an aldehyde, malononitrile, and ammonium acetate in a one-pot fashion 
was reported by Asadbegi et al. (Scheme 24).142 The preparation, characteriza-
tion, and catalytic activity of the novel and reusable heterogeneous catalyst em-
ployed, a poly(N,N-dimethylaniline-formaldehyde) supported on silica-coated 
Fe3O4 magnetic nanoparticles, was studied. The catalytic performance of this 
organic-inorganic hybrid nanomaterial was excellent, affording higher than 
90% product yield in 2.5 h in refluxing ethanol. After reusing the same initial 
catalyst in six cycles, the yield was still around 85%.

In another study, similar products were obtained, this time using cyclooc-
tanone as a reagent in lieu of cyclohexanone. The eco-friendly and efficient 
method used Au/MgO as the catalyst and ethanol as the solvent.143 In a similar 

SCHEME 24  Heterogeneous catalytic synthesis of 2-amino-3-cyanopyridine derivatives using 
poly(N,N-dimethylaniline-formaldehyde) supported on silica-coated Fe3O4 magnetic nanoparticles 
as a catalyst.

SCHEME 23  Heterogeneous catalytic synthesis of (3′-indolyl)pyrazolo[3,4-b] pyridines using 
melamine hexakis(methylene)hexakis(phosphonic acid) as catalyst.
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way to the Hantzsch mechanism, presented as a common synthetic route to form 
pyridines in the carbonyl-based reaction section before, the isocyanide-based 
reaction is initiated by a Knoevenagel condensation. The reaction then proceeds 
through a Michael-type addition of the ketone to the activated double bond of the 
arylidene intermediate before undergoing intramolecular cyclization and subse-
quent oxidation. The resulting products were obtained with high yields in under 
3 h reaction time. The catalyst could be recovered and reused in up to six cycles 
with only slight loss in activity making the method a truly green synthesis given 
that the catalyst preparation also possesses minimal impact on the environment 
(Scheme 25).

3.7.3.3  Aliphatic bond formation

The most well-known isocyanide-based multicomponent reactions are the Ugi 
and the Passerini reactions that produce peptidomimetic compounds of great im-
portance notably as lead compounds in the drug discovery process or polymeric 
nanomaterials.116, 144, 145 Both reactions deal with the same starting materials, 
namely an isocyanide, a carboxylic acid, and an aldehyde (or ketone), except 
that the Ugi reaction involves a fourth reagent—an amine.146 Therefore their re-
spective mechanism is essentially different. The Ugi reaction proceeds through 
the condensation of the amine with the aldehyde followed by the nucleophilic 
addition of the isocyanide to the previously formed imine intermediate. Then a 
second nucleophilic addition, initiated by the activated oxygen of the carboxylic 
acid to the carbon of the isocyanide, takes place before a rearrangement leads to 
an α-aminoacyl amide derivative as the final product. In contrast, the Passerini 
reaction is initiated by a nucleophilic addition of the isocyanide to the carbonyl 
of the aldehyde (or ketone) followed by the addition of the carboxylate an-
ion forming an α-acyloxyamide after tautomerization.147 The high reactivity of 
the starting materials involved in these reactions usually allow them to proceed 
without the need for a catalyst.148, 149 However, when less activated substrates 
are employed, in order to obtain high yields and shorten the reaction times, the 
use of a catalyst becomes necessary. Selected examples of heterogeneous cata-
lytic Ugi and Passerini multicomponent reactions are presented in Table 10 with 
various solid catalysts of proven performance.

SCHEME 25  Synthesis of multisubstituted pyridines by Au/MgO heterogeneous catalyst.
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TABLE 10  Heterogeneous catalytic Ugi and Passerini multicomponent reactions.

Entry Reaction type Catalyst/conditions Product Yield (%) Ref.

1 Ugi Fluorite, ethanol, MW, 2–10 min 89–95 150

2  Indium-MOF, RT, 30–120 min   151

Ugi Ethanol 92
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Passerini Solvent free 89

3 Passerini Magnetic core-shell NPs supported 
TEMPO, O2 (1atm), toluene, RT, 24 h

53–92 152

4 Passerini Zr-MOF-Fe pyridine carboxaldehyde, 
acetonitrile, hv, RT, 24–30 h,

73–81 153

5 Passerini TMG-nanoSiO2, THF, reflux, 3–24 h 67–85 154

6 Passerini GO@lipase, THF, 40°C, 4–10 h 90–95 155
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One of these catalysts is fluorite, a natural halide mineral, composed of 
calcium fluoride. It has inherent acidic properties that were exploited for the 
catalysis of a four-component Ugi reaction. The microwave-mediated syn-
thesis provided excellent yields in a matter of minutes (Table 10, entry 1).150 
An environmentally friendly indium-MOF catalyst demonstrated high perfor-
mance when applied to both the Ugi and the Passerini reactions (Table 10, en-
try 2).151 The preparation of the catalysts was carried out by a straightforward 
microwave-assisted hydrothermal synthesis and their characterization revealed 
the presence of Lewis acid and base sites responsible for their high activity. Other 
examples, such as the magnetic core-shell nanoparticle-supported TEMPO152 
and the zirconium-based MOF153-driven oxidative three-component reactions, 
exhibit interesting advantages despite the use of a rather environmentally un-
friendly solvent (Table 10, entries 3 and 4). The magnetic feature of the former 
catalyst allows its recyclability in no less than 14 cycles which is a major benefit 
in terms of cost and environmental friendliness. The latter catalyst possesses 
photoactive properties making the tandem oxidative Passerini reaction possible 
in a one-pot fashion upon irradiation with light. Finally, catalysts based on bio-
derived compounds, such as nucleobase derivatives or enzymes, were explored 
for the Passerini MCR (Table 10, entries 5 and 6). The Passerini reaction of 
rhodanine-N-acetic acid with aromatic aldehydes and tert-butyl isocyanide was 
facilitated by tetramethylguanidine immobilized on silica nanoparticles (TMG-
nanoSiO2) as a heterogeneous base catalyst.154 Interestingly, while the presence 
of excess amount of aldehyde afforded the Passerini product, the use of equiva-
lent amount of the aldehyde yielded a product resulting from the condensation 
of the aldehyde and rhodamine-N-acetic acid. Also worth mentioning, that the 
reaction of aldehydes possessing electron withdrawing groups afforded high 
yields in short reaction times, whereas aldehydes bearing strong electron do-
nating groups were left unreacted. Another green and efficient Passerini reac-
tion of indole-2-carboxylic acids, aromatic aldehydes, and alkyl isocyanides in 
presence of lipase immobilized on graphene oxide as a heterogeneous catalyst 
was reported by Rassi et  al. (Table  10, entry 6).155 The biocatalyst owes its 
remarkable activity to its acid-base amphoteric nature; it acts both as a proton 
donor and proton acceptor entity during the course of the reaction. Thus excel-
lent yields were observed for most substrates, although it should be mentioned 
that the reaction, involving aldehydes containing electron donor groups at the 
4-positon, did not proceed. Both the tetramethylguanidine immobilized on sil-
ica nanoparticles and the lipase immobilized on graphene oxide were recyclable 
in five cycles after which a significant loss in activity was detected. In addition, 
the preparation of both required a rather laborious multistep synthesis.

Another condensation-based one-pot multicomponent reaction using 
aryl aldehydes, beta-naphthol, and methyl carbamate led to the formation of 
carbamato-alkyl naphthols in the presence of silica-supported Preyssler nano par-
ticles (H14[NaP5W30O110]), a type of nanosized heteropolyacids (Scheme 26).156 
The catalyst benefits both from the solid nature of the heteropolyacids and the 
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large surface area provided by the nanoparticles. Therefore it allows an easy re-
covery while exhibiting enhanced activity. Excellent yields were reported under 
solvent-free conditions in a matter of a few minutes and the catalyst could be 
recycled and reused in three cycles with consistent yields. The supported catalyst 
possessed a better catalytic activity than its unsupported counterpart, likely due to 
the better dispersion of the active component on the surface of the nanoparticles.

The synthesis of α-amino-amides from an isocyanide, an amine, and water, an 
Ugi-like reaction, is another example of multicomponent reactions leading to ali-
phatic bond formation. An interesting study focused on the visible light-mediated 
titanium dioxide-catalyzed synthesis of α-amino-amides (Scheme 27).157 It was 
proposed that the first step of the mechanism was the light-induced oxidation 
of the amine to produce an iminium ion that reacts in turn with the isocyanide 
to form a nitrilium ion affording the product upon tautomerization. Moderate to 
high yields were obtained after several days at 30°C in dioxane. Although the 
conditions do not seem ideal from an environmental point of view, the fact that 
this reaction type is underexplored makes the method an interesting new alterna-
tive for the production of essential building blocks.

3.7.4.  Conclusions and outlook

In light of the multiple examples reviewed in this chapter, it is unambiguous 
that heterogeneous catalysis has played and continues to play a major role in the 
development of environmentally benign MCR-based synthesis. Both carbonyl-
based and isocyanide-based heterogeneous catalytic MCRs were extensively 
reviewed offering various synthetic routes to prepare heterocycles and other 
useful products through green approaches. Heterogeneous catalysis notably un-
locked the access to mild reaction conditions and the possibility to recycle the 
catalysts. Finally, in spite of these obvious benefits, it should be stressed that 

SCHEME 26  Silica-supported Preyssler nanoparticle-catalyzed synthesis of carbamatoalkyl 
naphthols.

SCHEME 27  Heterogeneous catalytic synthesis of α-amino-amides by TiO2 catalysis.
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some solid acid catalysts require more laborious preparation than others, ranging 
from simple washing/drying treatments to multistep syntheses. It is important to 
take this factor into consideration for each process, in order to conscientiously 
determine the environmental impact of these heterogeneous catalytic reactions.
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Chapter 3.8

Ring transformations by 
heterogeneous catalysis

3.8.1.  Introduction

Cyclization reactions provide an instant and effective path to generate molecu-
lar complexity. In fact, the vast majority of the synthesis of complex molecules 
involve one or more cyclizations. One of the first ring formation reactions in the 
history of organic chemistry was reported back in 1884 by the German chem-
ists Carl Paal and Ludwig Knorr. The original Paal-Knorr cyclization prepares 
furans from 1,4-diketones.1 Later the reaction was also adapted to the cycliza-
tion of pyrroles2 and thiophenes.3 Another famous example, the Diels-Alder 
cyclization, occurring between a conjugated diene and a substituted alkene (of-
ten referred as “a dienophile”) was a second breakthrough in the discovery of 
cyclization reactions that won the two scientists, whom the reaction is named 
after, the Nobel Prize in Chemistry in 1950.4 Now a large number of cycli-
zation reaction-types exist and while some are self-driven,5–7 others require a 
catalyst to be initiated.8–10 Porous materials with abundant active sites are of 
particular interest when dealing with heteroatom-containing starting materials 
for the preparation of heterocycles due to multiple potential electrochemical 
interactions.11–13

Although ring opening reactions are less commonly employed for the syn-
thesis of complex molecules than cyclization reactions, they undeniably remain 
important in organic chemistry. For instance, the electrophilic ring opening of 
small heterocycles such as epoxides or aziridines allow the introduction of vari-
ous electrophilic functional groups.14 The same is true for the formation and 
ring opening of cyclopropanes.15, 16 Similarly, ring opening polymerization is 
one of the many paths leading to the formation of polymers which are of promi-
nent importance in the 20th and 21st centuries due to their multiple and highly 
practical applications.17 Whether this group of reactions is initiated by a radical, 
an electrophilic or a nucleophilic route, catalysis constitutes a critical tool to in-
crease the reaction rate and allow the tolerance of various functional groups.14, 17  
Commonly used catalysts include transition metals, metal salts, a variety of 
acids and organocatalysts.14, 17 Here again, heterogeneous catalysis can bring its 
unique set of assets18–23; it has a high potential to contribute to the expansion of 
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the applicability of ring opening reactions as well as to ensure that the catalytic 
processes are conform to the recent environmental and safety requirements.24–28

This subchapter describes representative examples of various heterogeneous 
catalytic cyclization and ring opening (with possible subsequent cycloaddition) 
reactions thus revealing the wide application scope of heterogeneous catalysis 
to ring transformations. The examples will be selected and evaluated based on 
their green synthesis potential, and mechanistic insights will also be provided.

The reactions presented will be discussed according to the type of the ring 
transformation: ring formation (cyclization) and ring opening.

3.8.2.  Cyclization

Due to the diversity of applications of cyclic molecules and their importance 
in many fields, notably in medicinal chemistry, the development of cycliza-
tion reactions has been ongoing since the emergence of organic chemistry as 
a discipline.1, 4 There are two distinct strategies to achieve cyclization; the in-
tramolecular and intermolecular cyclizations. Cyclization can occur as a step-
wise process that uses multiple linear substrates as starting materials, which are 
nucleophiles, electrophiles, or radicals; and the ring closure step gives rise to a 
new bond.29 On the other hand, the cyclization mechanism could also be con-
certed, and two bonds are formed during the process. Both cyclization strategies 
can produce either two CX bonds (X being a heteroatom), two CC bonds or 
one bond of each type.29, 30

3.8.2.1  Intermolecular cyclization reactions

3.8.2.1.1  Diels-Alder and hetero-Diels-Alder reactions
The [4 + 2] cycloaddition forming new CC bonds from a diene and a dieno-
phile, widely known as the Diels-Alder reaction, is a well-established synthetic 
transformation providing a perfect 100% atom economy.31, 32 Hetero-Diels-Alder 
reactions are regular Diels-Alder reactions that include substrates with hetero-
atoms. The reaction allows for the formation of two or more rings in a simul-
taneous manner avoiding sequential chemical reactions that require multiple 
separation and purification steps. Therefore, they represent a highly efficient 
synthetic pathway for the formation of complex, often heterocyclic compounds, 
especially natural products. Although Diels-Alder reactions can occur as self-
driven organic transformations due to the complementary reactivity of the re-
agents, the diene, and the dienophile,33, 34 several substrates are not sufficiently 
activated to undergo the reaction spontaneously and would require harsh reac-
tion conditions.35, 36 Harsh conditions, however, often result in low selectivity 
due to undesired side reactions. The use of a suitable catalyst can afford high 
yields under mild conditions even with deactivated substrates. Highly porous 
solid acid catalysts are promising candidates to perform the challenging task. It 
is mainly due to their unique framework, in which the reactants can reorganize 
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and ultimately cyclize.37–45 The catalyst can offer additional benefits to the obvi-
ous green advantages that the perfect atom economy of the transformation pro-
vides, such as potential recyclability. A broad array of heterogeneous catalysts 
has been developed for the Diels-Alder reaction including heteropolyacids,37, 38 
metal oxides,39, 40 clays,41, 42 zeolites,43, 44 and MOFs.45–47 Naturally, each cata-
lyst demonstrates efficiency for different types of substrates. The corresponding 
representative examples are presented in Table 1.

Tungstophosphoric acid (H3PW12O40) supported on silica gel is a well-
known heterogeneous catalyst that efficiently catalyze the Diels-Alder re-
actions. It proved to significantly accelerate the reaction rate of Diels-Alder 
reactions of enones with various dienes37 as well as quinones with butadienes 
(Table 1, entries 1 and 2).38 The catalyst was active under mild conditions and its 
solid nature theoretically allows its recovery and reuse although it has not been 
investigated experimentally in the referenced works.

Another tungsten-containing catalyst, tin-tungsten mixed oxide, prepared by 
calcination at high temperature (800°C), was found to be highly effective in 
the regular Diels-Alder reaction of various dienes and dienophiles and it also 
demonstrated good recyclability (Table 1, entry 3).39 Mild reaction conditions, 
short reaction times and ambient temperatures, were sufficient to achieve excel-
lent yields.

Kiamehr et  al. developed a protocol based on a zinc oxide catalyst, that 
showed high activity for the synthesis of inactivated alkynes with indole-2-
thiones for the preparation of pentacyclic indole derivatives (Table 1, entry 4).40  
The role of the catalyst was dual and the reaction proceeded via domino 
Knoevenagel-condensation/hetero-Diels-Alder cyclization sequence.

Similarly, a microwave-assisted montmorillonite K-10 catalyzed hetero-
Diels Alder reaction successfully resulted in the synthesis of methylene-
dioxyprecocene, a natural insecticide (Table 1, entry 5).41 Here again, the catalyst 
successfully catalyzed both an electrophilic addition of 3-methyl-2-butenal to 
sesamol and the subsequent intramolecular hetero-Diels-Alder cyclization.

Zeolites such as ZMS-5 can also be used to produce aromatic compounds 
from furans and dienes in a continuous flow fixed-bed reactor at a tempera-
ture range of 450–600°C (Table 1, entry 6).43 Co-feeding propylene with furan 
afforded a selectivity of 57% toward toluene, whereas co-feeding propylene 
with 2-methylfuran increased the formation of xylene. The selectivity of the 
reaction was highly dependent on the furan/diene ratio; for instance, the higher 
production of xylene (45%) was obtained with a molar ratio of propylene to 
2-methyl-furan of 1 at 450°C. Although the selectivities are not excellent and 
the reaction conditions are harsh, the goal of the study was to demonstrate the 
potential of zeolites to catalyze Diels-Alder reactions from furan-based com-
pounds and olefins in continuous mode in order to convert lignocellulosic bio-
mass feedstock to useful aromatics.

For the same purpose, the selective conversion of biomass-derived 
2,5-dimethylfuran to p-xylene was achieved through Diels-Alder cycloaddition and 
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TABLE 1  Heterogeneous catalytic Diels-Alder and hetero-Diels-Alder reactions.

Entry Starting material Catalyst/conditions Product Yield (%) Ref.

1 H3PW12O40/silica, CH2Cl2, 
0–4°C, 5–27 h

37–82
Selectivity: 84–97 to 
3–16

37

2 H3PW12O40/silica, toluene, 
RT, 20 h

70 38

3 Various cyclic and 
linear dienes and 
dienophiles

Sn-W2-800 (tin-tungsten 
mixed oxide), CH2Cl2, RT, 
0.5–1 h

Examples: 86–97 39
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4 ZnO, CH3CN, reflux, 3 h 85–95 40

5 Montmorillonite K-10-K+, 
solvent-free, MW, 8 min

Not specified 41

6 ZSM-5, 450–600°C Depending on furan/
diene ratio

43

7 Silica-alumina aerogel, 
1,4-dioxane, 250°C, 4 h

60 44

8 MOF, EtOH, 40–50°C, 24 h 60–86 45
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subsequent dehydration with silica-alumina aerogel catalysts (Table 1, entry 7).44  
The yield indicated in Table 1 corresponds to the yield of the final product ob-
tained after dehydration of the cycloadduct. Interestingly, it was observed that 
the reaction rate of the dehydration step was dependent on the concentration 
of the Brønsted acid sites on the surface of the catalyst; in contrast, the cyclo-
addition was rather dependent on the Lewis acid sites. Because most zeolites 
comprise a diminished Lewis acidity due to the electron density transfer from 
the oxygen atoms present in the framework, their catalytic activity in the Diels-
Alder cycloaddition was questioned in this work. It is probable that the zeolites 
promote the formation of the cycloadduct on account of a simple charge transfer 
and confinement matter. These observations corroborated with the conclusions 
drawn in a similar work studying the production of toluene from 2-methylfuran 
and ethylene.48

Last, a highly porous electron rich metal-organic framework (MOF), pre-
pared from a tetracarboxylic acid, showed excellent performances in the 
Diels-Alder reaction of reactive and less reactive starting materials such as poly-
aromatic compounds and maleimides under mild conditions (Table 1, entry 8).45 
Evidently, the high surface area combined with the porous nano-channels of 
the catalyst created a confined environment where the reactants, thus encap-
sulated, easily underwent reorganization subsequently followed by the adduct 
formation. It was observed that the aliphatic substrates, having lower affinity to 
the catalyst framework, were subject to diminished reactivity. Nonetheless, the 
advantages of the heterogeneous material were further demonstrated by reusing 
it in several cycles.

Several multicomponent reactions (MCRs) also include the Diels-Alder re-
action as their cyclization step. A heteropolyacid-catalyzed condensation/hetero 
Diels-Alder domino reaction sequence produced azabicyclo[2.2.2]octan-5-ones, 
in a microwave-assisted reaction with moderate to good yields (Scheme 1).49 
Among the several commercially available heteropoly acids tested in the trans-
formation, H4[SiW12O40] provided the best yields and highest diastereoselec-
tivities for the endo products.

SCHEME 1  A microwave-assisted heteropoly acid-catalyzed condensation-hetero Diels-Alder 
domino reaction sequence for the synthesis of azabicyclo[2.2.2]octan-5-ones.
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3.8.2.1.2  Heterogeneous catalytic synthesis of six-
membered rings
Many heterocyclic compounds are regularly synthesized by MCRs that occur in 
a several steps-one pot fashion including a cyclization step in their sequence of 
reactions. One such reaction is the Hantzsch synthesis using an aldehyde, two 
equivalents of β-ketoester and a nitrogen donor.50 The reaction can be catalyzed 
by a broad array of heterogeneous catalysts such as clays,51, 52 silica,53–55 metal 
nanoparticles,56, 57 zeolites,58 MOF,59 and ion exchange resins.60–62 Another 
well-known transformation is the Biginelli reaction that produces dihydropy-
rimidones from an aldehyde, an α-ketoester (or a ketone) and urea.63, 64 The 
various heterogeneous catalytic protocols apply silica or alumina supported 
catalysts such as heteropolyacids,65 other Brønsted acids,66, 67 and metal oxide 
nanoparticles.68, 69 Other examples that are commonly used for the synthesis 
of cyclic compounds catalyzed by a wide selection of solid catalysts include 
the Gewald reaction,70 isocyanide based MCRs,71 the Groebke-Blackburn-
Bienaymé reaction,72 just to name a few. MCRs are the focus of another chapter 
in this book, thus, here we focus on processes that are not covered there.

Pyrazines and piperazines

Pyrazines are two-nitrogen-containing six-membered ring compounds. They are 
of particular importance for the synthesis of pharmaceuticals73 and fragrances.74 
Among them, 2-methylpyrazine is used as a precursor in the synthesis of the 
antituberculosis drug pyrazinamide.75 To date, the most effective pathway for 
the synthesis of 2-methylpyrazine is a cyclodehydration/dehydrogenation route 
starting from ethylenediamine and propylene glycol, a reaction that occurs at 
high temperatures in presence of a catalyst.75 Homogeneous catalytic systems 
based on transition metals such as Zn, Cu, Cr have proved their efficiency in the 
synthesis of pyrazines.75–77 Although heterogeneous catalytic systems have been 
less explored, they offer numerous benefits compared to their homogeneous 
counterparts, such as the possibility to perform the reaction in a continuous bed 
flow system, or the recycling of the catalyst. Notably, Cu and Zn-modified zeo-
lites demonstrated excellent performance by suitably tuning the reaction condi-
tions and catalyst composition and structure.78, 79 The reaction conditions and 
results of representative examples are presented in Table 2.

The activity of CuO/ZnO/meso-SiO2 catalysts possessing different pore di-
ameters were compared in the synthesis of 2-methylpyrazine using a continu-
ous fixed-bed reactor at 380°C for 1 h (Table 2, entry 1).78 It was found that the 
sample CZ/S1, possessing the smallest pore size (17.8 nm)—which appeared 
to be a critical factor—was the most efficient catalyst, converting the starting 
materials to the desired product in 69% yield. It was also observed that the 
surface acid strength of CZ/S1 was moderate; while high acid strength led to 
more by-products and low acidic strength resulted in decreased yields. Another 
comparative study examined the activity of Zn-modified zeolite for the same 
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reaction.79 ZSM-5 afforded the highest yield of 2-methylpyrazine at 450°C, its 
activity was attributed to the high density of Lewis acid sites (Table 2, entry 2).

Another type of zeolites, ZnO-modified samples, were investigated for the 
condensation reaction of mono-ethanolamine on a continuous flow bed to pro-
duce pyrazine and alkyl substituted pyrazines as a function of temperature and 
time.80 The highest yield of pyrazine was obtained with catalyst type ZnO-MOR 
after 2 h at 350°C (Scheme 2).

The fully hydrogenated derivatives of pyrazines, piperazines, are also im-
portant intermediates for drug syntheses and particularly for quinoline-type an-
tibacterial drugs. They also serve as precursors for the synthesis of pyrazines. 
The synthesis of N,N′-dimethylpiperazine via intermolecular cyclization of di-
ethanolamine was studied under high pressure and high temperature conditions 
using zeolites and montmorillonite K-10 as catalysts (Scheme 3).81 The study 
specifically revealed the potential of the zeolite HZSM-5 which was found to 
achieve good yields and recyclability. However, in addition to harsh reaction 
conditions, the catalyst loads employed were relatively high.

SCHEME 2  Condensation of monoethanolamine over ZnO-modified zeolite in a continuous bed 
flow reactor.

TABLE 2  Modified-zeolite-catalyzed synthesis of 2-methylpyrazine.

Entry Catalyst/conditions Yield (%) Ref.

1 CuO/ZnO/meso-SiO2 (CZ/S1), water, 380°C, 2 h 69 78

2 ZSM-5, water, 450°C, 2 h 63 79

SCHEME 3  Zeolite-catalyzed synthesis of N,N-dimethylpiperazine via the intermolecular cycli-
zation of diethanolamine with methylamine.
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Pyridines

Pyridines82 constitute another important class of six-membered nitrogen-containing 
heterocycles that offers a wide range of applications in pharmaceutical,83 and fine 
chemical industries.84–86 The synthesis of pyridines along with their condensed de-
rivatives, quinolines or isoquinolines or their hydrogenated products, piperidines, 
or tetrahydroquinolines have been the target of extensive attention.87–89 Here we 
describe a recent representative heterogeneous catalytic example.

Metal-organic frameworks (MOFs) were shown to efficiently catalyze the 
synthesis of pyridines and achieved superior results compared to homogeneous 
catalytic systems.90 The cyclization reaction of N,N-dialkylanilines with ketox-
ime carboxylates to produce aryl-substituted pyridines was successfully carried 
out by an iron-based metal-organic framework at 120°C (Scheme 4).90 In addi-
tion to the better performance, the iron-MOF was recyclable in five cycles with-
out significant loss of activity. However, it should be stressed that the reaction 
required the use of an oxidant in stoichiometric amount; the combination of the 
oxidative reagent tert-butylperoxide and 1,2-dichloroethane as a solvent led to 
the highest yields of pyridine but at the same time their presence decreases the 
green advantage of the reaction.

Tetrahydropyranols

The last six-membered ring cyclization of heterocycles that will be discussed 
in the “intermolecular cyclization” section is the Prins-cyclization to produce 
tetrahydropyranols,  key building blocks for the synthesis of various carbohy-
drates, polyether antibiotics, and marine macrolides.91, 92 The Prins-cyclization 
is commonly performed using Lewis acid catalysts that often lead to a mixture 
of products and make necessary multiple purification steps. Novel heteroge-
neous catalytic systems were developed to address this problem. Zeolites and 
acidic ion-exchange resins are particularly promising as they afford substantially 
higher yields of products and allow for milder reaction conditions (Scheme 5).91 
Their use in combination with recyclable ionic liquids ([bmim]PF6) proved to 
be a useful, eco-friendly method for the production of tetrahydropyranols.

SCHEME 4  Iron-MOF-catalyzed synthesis of pyridines via cyclization of N,N-dialkylanilines 
with ketoxime carboxylates.

SCHEME 5  Heterogeneous catalytic synthesis of tetrahydropyranols in presence of ionic liquids.
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3.8.2.1.3  Heterogeneous catalytic synthesis of five-
membered rings
Pyrroles

The Paal-Knorr pyrrole synthesis is one of the earliest and most well-known 
synthetic processes in organic chemistry.1 It produces pyrroles through the con-
densation of a 1,4-dicarbonyl compound with an excess of a primary amine or 
ammonia. Acidic conditions are usually employed to conduct such reactions; 
alternative methods based on solid acid catalysts offer major advantages over 
mineral acids.27, 93 Representative heterogeneous catalytic examples are tabu-
lated in Table 3.

Several studies report the use of clays as catalyst,94–97 many other studies 
describe protocols using acids bound to a variety of support materials.98–103 
Banik et al. described a montmorillonite KSF-catalyzed synthesis of pyrroles 
performed using a minimum amount of organic solvent to ensure proper mixing 

TABLE 3  Heterogeneous catalytic Paal-Knorr pyrrole synthesis.

Entry Catalyst/conditions Yield (%) Ref.

1 Montmorillonite KSF, CH2Cl2, RT, 10–25 h 70–95 94

2 Montmorillonite K-10, solvent-free, 3–6 min, 
microwave, 90°C

91–98 95, 96

3 Fe(III)-montmorillonite, CH2Cl2, RT, 1–6 h 69–96 97

4 Silica sulfuric acid, solvent-free, RT, 3–45 min 70–97 98

5 Silica-supported dendritic amine, solvent-free, RT, 2 h 75–99 99

6 Cellulose-sulfuric acid, solvent-free, RT, 4–15 min 83–95 100

7 Fe3O4@PEG400-SO3OH, solvent-free, RT, 5–120 min 70–96 101

8 Nanomagnetically modified, heterogenized sulfuric 
acid, solvent-free, 60°C, 15 min–12 h

60–90 102

9 Fe3O4/DAG-SO3H, H2O/EtOH, RT, 10–120 min 70–98 103

10 SbCl3/SiO2, hexane, RT, 1 h 51–94 104

11 [NaP5W30O110]14, solvent-free, 60°C, 30–180 min 50–98 105

12 α-Zr(O3PCH3)1.2(O3PC6H4SO3H)0.8, solvent-free, RT, 
1–24 h

56–95 106



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

Ring transformations by heterogeneous catalysis  Chapter | 3.8  501

of the reagents, after which it was evaporated leaving the reaction mixture as 
a solid phase. Finally, the dry mixture was left to react at room temperature 
for several hours (Table  3, entry 1).94 Several amines including monocyclic, 
bicyclic, tricyclic, tetracyclic aromatic, aliphatic, heterocyclic, and benzylic 
amines were used in combination with 2,5-hexanedione to afford high yields 
of products. A major limitation of the study is the lack of recyclability tests 
that could have further justified the environmental friendliness of the method. 
A clay of the same type, montmorillonite K-10, demonstrated high catalytic 
activity for the preparation of substituted pyrroles (Table 3, entry 2).95 The short 
reaction times, solvent-free conditions and excellent yields are notable advan-
tages of the method. Using this protocol, the same group reported the synthesis 
of N-sulfonylpyrroles by applying aryl sulfonamides as the nitrogen source.96 
Another study evaluated various metal-exchanged montmorillonites for the 
Paal-Knorr condensation.97 It was found that Fe(III)-montmorillonite afforded 
the highest yields compared to the Zn, Co, Cu-exchanged counterparts (Table 3, 
entry 3). The catalyst could be easily recycled and successfully reused three 
consecutive times.

Several sulfonated solid-acid catalysts, namely, silica sulfuric acid,98 dendritic 
amine grafted on mesoporous silica,99 cellulose sulfuric acid,100 and sulfonic acid 
grafted onto polyethylene glycol 400-encapsulated Fe3O4 nanoparticles101 cata-
lyzed the synthesis of pyrroles employing diverse amines ranging from aromatic 
to aliphatic compounds, at room temperature in the absence of solvent (Table 3, 
entries 4–7). Additional advantages include the short reaction times, simple 
work-up procedure, and high yields. Other sulfonated solid-acid catalysts, such 
as the gamma-Fe2O3@SiO2-OSO3H

102 or the Fe3O4/diaminoglyoxime-SO3H
103 

were also employed under mild reactions conditions (Table 3, entries 8 and 9). In 
addition, both catalysts were magnetically separable from the reaction mixture. 
Although these methods possess undeniable green aspects, it should be noted 
that the preparation of most of these solid acid catalysts employs mineral acids as 
a pretreatment or as a reagent. Nevertheless, they offer the possibility to recycle 
and reuse the catalyst, which is not feasible in single phase mineral acid-driven 
procedures in which the generation of waste is inevitable.

In addition to clays or sulfonated heterogeneous catalysts, silica-supported 
antimony(III) chloride was reported as a highly efficient heterogeneous Lewis 
acid catalyst for the Paal-Knorr pyrrole synthesis performed at room temper-
ature (Table 3, entry 10).104 Low catalyst loading, operational simplicity, ap-
plicability to various substrates, and recyclability of the catalyst are notable 
advantages of this sulfuric-acid-free method. On the contrary, the use of hexane 
does not work in favor of an eco-friendly label.

Preyssler heteropolyacids supported on mesoporous alumina, constituting 
a material with acid-base properties, catalyzed the synthesis of a series of 
pyrrole derivatives under solvent-free conditions (Table 3, entry 11).105 The 
catalyst had a bifunctional role as it facilitated the formation of 2-amino-3-
cyano-4H-chromenes by a multicomponent reaction and their subsequent 
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conversion to pyrrole via the Paal-Knorr reaction. The workup and catalyst 
recovery were simple, and all reactions were highly selective toward the cor-
responding pyrrole.

Last, potassium-exchanged layered zirconium sulfophenyl phosphonate 
was described to efficiently promote the Paal-Knorr condensation of several 
alkyl and aryl amines with 1,4-diketones under mild reaction conditions.106 
The basic counterpart of the catalyst (Zr(KPO4)2), potassium exchanged lay-
ered zirconium phosphate, provided equivalent results although the sulfophenyl 
phosphonate-based catalyst exhibited superior performance when dealing with 
aryl amines (Table 3, entry 12).

Furans

Although furans are not as popular building blocks as pyrroles, the develop-
ment of contemporary green methods for their synthesis also attracted consider-
able attention. A two-step domino approach was developed for the preparation 
of substituted furans from electron deficient alkynes and α-hydroxy ketones 
(Scheme 6).107 After the addition of the OH bond of the alcohol to the triple 
bond, the CuO/CNT (CNT = carbon nanotube) catalysts initiated the cyclization 
providing the products in good yields. Although the catalyst could be reused 
up to five times without notable loss in activity, the use of undesirable sol-
vents (CH2Cl2, DMSO) in the protocol decreases the green value of the process. 
Electron deficient alkynes and 2-yn-1-ols can also be used in a similar synthetic 
method.108

The Huisgen 1,3-dipolar cycloaddition

The Huisgen 1,3-dipolar cycloaddition is a reaction of a dipolarophile, such as 
an alkene or an alkyne, with a 1,3-dipolar compound that leads to the forma-
tion of 5-membered rings.109 Often the dipolar compounds involved are com-
prised of 3 atoms and 4π electrons and possess formal charges. Examples of 
such molecules include nitriles oxides, nitrile imines, nitrile sulfides, diazo 
compounds, and azides. Overall, the feasibility of the cycloaddition depends 
critically on the nature of the central atoms involved in the bond formation pro-
cess and their hybridization.109 More specifically, the rate of the cycloaddition 
is controlled by the relative energies of the HOMO of one reactant together 
with the LUMO of the second reactant. The closer these molecular orbitals 

SCHEME 6  Synthesis of furans via a carbon nanotubes-supported CuO-catalyzed cyclization.
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are in energy the faster the rate of the reaction, however, steric factors can also 
interfere. Regarding the regioselectivity, it is controlled by the polarity of the 
reactants, complementary polarities being greatly favored.

The Huisgen cycloaddition allows for the preparation of a wide range of 
useful heterocycles. For instance, the reaction of azides with alkynes produces 
1,2,3-triazoles that are key building blocks for the synthesis of biologically 
active molecules. Typically, the reaction is catalyzed by a copper salt-based 
catalyst with a well-established method classified as “click chemistry” that was 
developed by Sharpless et al.110 Such reactions are reliable, and they efficiently 
yield functional materials. More recently, multiple methods have been devel-
oped to provide additional advantages to the Huisgen reaction most notably by 
using supported copper catalysts that also exhibited good recyclability, and by 
potentially eliminating solvents from the reaction mixture. Immobilized copper-
catalysts that have been used for this purpose include zeolites,111, 112 mesopo-
rous silica,113 metal oxide,114, 115 ion exchange resins,116 and chelate resins.116 
Some methods employ halides as starting materials and react them with sodium 
azide prior to the actual cycloaddition. In that case, the catalyst plays a dual role 
in catalyzing the nucleophilic substitution as well. It generates the azide in situ, 
and then catalyzes the Huisgen reaction successively. Several methods, their 
conditions and the resulting yields are presented in Table 4.

All catalysts employed demonstrated good activity, stability, and recyclabil-
ity. Although the different methods yield equal performance, each of them pos-
sesses advantages and drawbacks from environmental perspectives depending 
on the reaction conditions used. For instance, water and solvent-free medium 
are more desirable than organic solvents, especially, halogenated solvents. It 
must be noted that the water insolubility of some substrates can limit the sub-
strate scope of a specific reaction. In the CuI-zeolite-catalyzed reaction, this 
limitation was overcome by the addition of equivalent amount of either ethanol 
or dioxane to the water (Table 4, entry 1).111 Also, the use of neat conditions 
provided interesting results in combination with a chelate resin despite the need 
for trimethylamine as a co-catalyst. In regard to the reaction times and tem-
peratures, most reactions were performed at mild temperatures (Table 4, entries 
3–7)113–117 or at moderately elevated temperatures up to 90°C (Table 4, entries 
1, and 2) for several hours.111, 112 The mesoporous silica-catalyzed reactions 
were remarkably long for some substrates although these reactions were carried 
out at room temperature (Table 4, entry 3).113 One of the methods employing a 
zeolite catalyst demonstrated significantly shortened reaction times when mi-
crowave irradiation was applied at higher temperatures (up to 110°C) (Table 4, 
entry 2).112 Finally, the environmental impact of the heterogeneous catalyst 
preparation also has to be taken into account. Most supported catalysts were 
prepared in a few steps with limited amount of supplemental reagents. Some, 
however, required harsh conditions; Fe3N@SiO2 catalyst was prepared from 
two insoluble iron precursors that were incorporated into mesoporous silica mi-
crospheres after a treatment at 700°C in NH3 (Table 4, entry 3).113
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Application of phenylenediamines and/or diazotization

Other N-containing five-membered heterocycles, playing an equally impor-
tant role in pharmaceutical and medicinal chemistry, are two heteroatom-
containing heterocycles such as benzimidazoles, benzodiazepines and 
quinoxalines and quinoxalinones.118–121 Here again, solid acid catalysis has 
provided promising results. K-10 montmorillonite was shown to efficiently 
catalyze the synthesis of benzimidazoles, benzodiazepines, quinoxalinones 
in a solvent-free microwave-assisted method.122 A variety of substituted o-
phenylenediamines readily reacted with ketones, aldehydes, and bifunctional 
reagents to form the products in moderate to excellent yields in short reaction 
times (1–10 min) (Scheme 7).

TABLE 4  Heterogeneous catalytic Huisgen 1,3-dipolar cycloadditions.

Entry Substrate Catalyst/conditions Yield (%) Ref.

1 Sodium azide/halides, 
phenyl-acetylene

CuI-zeolite/water, 90°C, 15 h 58–98 111

2 Sodium azide/halides, 
aromatic or aliphatic 
alkynes

CuI-USY, water, 90°C, 10 h 72–98 112

3 Aromatic or aliphatic 
azides, aromatic 
alkynes

Cu3N/Fe3N@SiO2, 
acetonitrile, Et3N, RT, 
12 h–14 days

72–91 113

4 Aliphatic or aromatic 
azides and alkynes

Cu(OH)x/Al2O3, toluene, 
60°C, Ar atmosphere, 1–12 h

81–95 115

5 Aromatic azides and 
alkynes

Cu(OH)x/TiO2, toluene, 
60°C, Ar atmosphere, 30 min

88–98 114

6 Benzyl azide, propanol 
azide or ethyl 
azidoacetate, aromatic 
and aliphatic alkynes

CuI-Amberlyst A-21, CH2Cl2, 
RT, 12 h

61–99 117

7 Phenylacetylene, 
aromatic azides

Cu/CR11(possessing 
iminodiacetic acid moieties), 
neat, 70°C, Et3N, 3–5 h

79–98 116
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Montmorillonite K-10 also demonstrated excellent catalytic activity in 
the synthesis of benzotriazoles, condensed three nitrogen-containing five-
membered heterocycles relevant in the dye industry123 as well as in medicinal 
chemistry.124, 125 In a similar fashion as the previous example, the benziotriazoles 
were synthesized from o-phenylenediamines with a solvent-free approach using 
microwave-assisted solid phase diazotization.126 The reactions were performed 
using NaNO2 as the nitrogen source, which does not generate any hazardous 
waste (Scheme 8). Substrates with electron-donating and electron-withdrawing 
substituents gave the corresponding products in excellent, nearly quantitative 
yields.

Oxazolidinones/oxindoles

Oxazolidinones are five-membered heterocyclic compounds that are excellent 
drug candidates because they possess activity against a large spectrum of Gram-
positive bacteria.127 Conventional synthetic routes to prepare these compounds 
involve the use of toxic isocyanates. As an alternative, the use of CO2 as the 
source of carbonyl carbon is attractive, not only because it offers a new path 
for preparing oxazolidinones but also because it transforms this greenhouse gas 

SCHEME 7  The microwave-assisted solvent-free synthesis of benzimidazoles, benzodiazepines, 
quinoxalinones catalyzed by K-10 montmorillonite.

SCHEME 8  Synthesis of benzotriazoles by the microwave-assisted, montmorillonite K-10-
catalyzed solid phase diazotization of o-phenylenediamines.
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into value-added chemicals.127 However, there remain limitations to this CO2-
based synthesis as high pressures are usually required and complex, nonrecycla-
ble catalysts are often employed. Several works have reported the synthesis of  
oxazolidinones employing porous frameworks (e.g., metal-organic frameworks, 
covalent organic frameworks) for all the advantages they offer, namely, their re-
activity, easily tunable properties and their potential for recycling.127–130 A few 
heterogeneous catalytic examples are collected in Table 5.

Among the methods developed, some require a co-catalyst and proceed un-
der certain CO2 pressure, while others are performed without additional activat-
ing reagents and under atmospheric pressure of CO2. For instance, no reaction 
was observed for the synthesis of oxazolidinones from propargylamines when 
the catalyst Ag-MOF, a porous Ag-Ag bond-based MOF synthesized under hy-
drothermal conditions, was employed alone. However, when performed with 
1,8-diazabicyclo[5.4.0]-7-undecene (DBU) under the same reaction conditions, 
the obtained yield reached 90% or higher (Table 5, entry 1).128 The combina-
tion of organic frameworks with transition metal nanoparticles appears to be 
a common strategy to catalyze this reaction type. A synergy can be obtained 
between the activity of the transition metal and the 3D hierarchical structure 
of the frameworks. For instance, zinc-based MOF was synthetized by confin-
ing the Ni@Pd nanoclusters together with glutamic acid within its cavities 
(Table 5, entry 2).129 Interestingly, the catalyst was activated by visible light. 
Oxazolidinones were obtained in high yields at room temperature in 2 h under 

TABLE 5  Heterogeneous catalytic synthesis of oxazolidinones.

Entry Catalysts/conditions Yield (%) Ref.

1 Ag-MOF, DBU, 1 bar CO2, CHCl3, RT, 5 h 90–98 128

2 Ni@Pd/ZnGlu MNPs, 15 bar CO2, solvent-free, 
visible light irradiation, RT, 2 h

88–94 129

3 Ag-NPs decorated COF, 1 bar CO2, solvent-free, 
40–80°C, 4–96 h

29–98 130

4 Cu-NPs@COF, 1,8-diazabicyclo[5.4.0]undec-7-ene, 
CO2 1 bar, MeCN, 50°C

78–96 127

COF-covalent organic frameworks; DBU-1,8-diazabicyclo[5.4.0]-7-undecene; MOF-metal-organic 
framework; NP-nanoparticle.
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neat conditions. However, the optimal pressure of CO2 reached 15 bars. Ghosh 
et al. reported the same type of synthesis driven by silver nanoparticles embed-
ded into covalent organic frameworks (COFs) (Table 5, entry 3).130 The reaction 
proceeded under solvent-free and alkali-free conditions without the need for a 
co-catalyst. Moderate to high yields were obtained in different reaction times 
from half an hour to 96 h for the most deactivated substrates. The COFs, syn-
thesized through a one-pot polycondensation and subsequently decorated with 
Ag NPs on their exterior surfaces, possess high activity mainly due to their high 
surface area and high CO2 capturing ability. They also exhibited excellent recy-
clability with negligible leaching of silver from the frameworks. Another cata-
lyst employing COF functionalized with metal nanoparticles was synthesized 
by a simple in situ process and catalyzed the reaction at 50°C in acetonitrile 
(Table 5, entry 4).127 In this case, 1,8-diazabicyclo(5.4.0)undec-7-ene base was 
required to reach high yields.

All catalyst presented in the Table 5 were successfully recycled in several 
consecutive cycles.

Oxindoles are important heterocycles that can incorporate various sub-
stituents further increasing their bioactivity. Among them, the introduction of 
perfluoroalkyl group has the ability to notably increase lipophilicity and perme-
ability. Most studies in the literature describing the synthesis of oxindole deriva-
tives involve homogeneous methods employing transition-metal catalysts.131–133 
Recently, the first example of heterogeneous catalytic synthesis of fluorinated 
3,3-disubstituted oxindoles was reported.134 The catalyst, based on chitosan-
supported nickel (II), showed high activity, good tolerance towards various 
functional groups, and good recyclability. The reaction, however, did not pro-
ceed without the presence of both the oxidant tert-butyl hydroperoxide (TBHP) 
in stoichiometric and silver nitrate in catalytic amount (Scheme 9).

Pyrazoles

Pyrazoles are synthesized by various methods, including the cyclization of acy-
clic precursors. The traditional synthesis is based on the reaction of hydrazines 
and 1,3-bifunctional substrates, commonly providing the two regioisomers and 
also requiring an aromatization step. Due to the important roles of these com-
pounds, new environmentally benign protocols for their preparation are pub-
lished frequently135–137 and these developments are the topic of several review 
articles.138, 139

SCHEME 9  Synthesis of perfluoroalkylated oxindoles promoted by heterogeneous chitosan@ 
nickel(II) catalyst.
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The cyclization and the subsequent aromatization of chalcones with aryl-
hydrazones, however, can be carried out using a Pd/C-K-10 montmorillonite 
catalyst mixture to ensure effective cyclization and aromatization providing 
the expected pyrazoles in excellent yields (Scheme 10A).140 A similar group of 
pyrazoles can also be synthesized by applying alk-3-yn-1-ones in lieu of chal-
cones. Interestingly, in this case there was no need for the presence of the Pd 
catalyst (Scheme 10B).141 Both processes were activated by microwave irradia-
tion, which ensured high yields in short reaction times. A similar cyclization of 
enynes was also achieved on gold nanoparticles.142

3.8.2.2  Intramolecular cyclization reactions

3.8.2.2.1  Heterogeneous catalytic synthesis of five-
membered rings
The Nazarov cyclization

The Nazarov cyclization is employed for the synthesis of cyclopentenones 
from divinyl ketones. It is usually catalyzed by Lewis or Brønsted acids and 
requires stoichiometric amount of acids to reach high yields. Green protocols 
for the Nazarov reactions were designed by applying various metal-organic 
frameworks,143–146 zeolites,147 cooperation polymers,148 and supported metal 
catalysts.149 The results are shown in Table 6.

Most methods reported a tandem acylation-Nazarov cyclization sequence 
(Table 6, entries 1–4). In this case, the first step of the process is the reaction of 
trifluoroacetic acid and a cyclic compound to afford a divinyl ketone, followed 
by the actual Nazarov cyclization. Copper and iron-based MOFs appear to be 

(A)

(B)

SCHEME 10  Synthesis of pyrazoles from chalcones and arylhydrazines catalyzed by a Pd/C-K-10 
montmorillonite mixture (A) and from alk-3-yn-1-ones with K-10 only (B).
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TABLE 6  Heterogeneous catalytic Nazarov cyclizations.

Entry Starting materials Catalyst/conditions Products Yields (%) Ref.

1 FeII-MOF, ClCH2CH2Cl, reflux, 5 h 78–90 143

2 Cu-MOF, ClCH2CH2Cl, 90°C, 3 h 86–92 144

3 Co-MOF, ClCH2CH2Cl, reflux, 5 h 45–79 145

Continued
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4 Zn-MOF, ClCH2CH2Cl, reflux, 4 h 25–98 146

5 H-USY-zeolite, ClCH2CH2Cl, 75°C, 2 h 11–97 147

6 Ag-cooperation polymer, ClCH2CH2Cl, 
reflux, 5 h

86–92 148

7 AuCl3/AgSbF6, CH2Cl2, RT, 1–16 h 64–99 149

TABLE 6  Heterogeneous catalytic Nazarov cyclizations—cont’d

Entry Starting materials Catalyst/conditions Products Yields (%) Ref.
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highly active for the acylation-Nazarov cyclization given the yields obtained 
with similar starting materials and reaction conditions—refluxing dichloroeth-
ane for a few hours (Table 6, entries 1–3).143–145 The performance provided by 
Zn-based MOFs were highly dependent on the structure of the MOF, which was 
tuned by varying the concentration of its components, the most active catalyst 
being {[Zn5(pdpa)2(H2O)8]·H2O}n (Table 6, entry 4).146 The general synthesis of 
MOF entails the mixing of the different components for several days at temper-
atures between 80°C and 135°C. The rather negative environmental impact of 
the synthesis of MOFs can be mitigated if the catalysts are recyclable in several 
consecutive cycles. Among the MOFs employed for Nazarov cyclization, all 
were recyclable in up to four cycles and one exhibited remarkable recyclability 
until the 10th cycle, namely the Cu-MOF (Table 6, entry 2).144 However, for 
this example, the synthesis of the MOF required the addition of Ni foam and a 
surfactant to ensure a continuous and stabilized membrane without which the 
activity of the material was not satisfactory.144 The ease of recyclability of Fe-
based MOF is also noteworthy; it is due to the magnetic properties of the mate-
rial. Indeed, the recovery of the catalyst from the reaction mixture aided by a 
magnet was rapid and efficient.143

Negatively charged zeolites can substitute acid catalysts due to the presence 
of external protons counterbalancing the defect of positive charges in the frame-
work.147 Thus, they have the ability to stabilize carbocations or carboxonium 
ions such as the intermediate generated during the Nazarov reaction when the 
starting material is a divinyl ketone. The commercially available H-USY zeolite 
efficiently catalyzed the synthesis of cyclopentenones from dienones in 2 h at 
75°C (Table 6, entry 5).147 Interestingly, the cis-cis isomers were formed as 
the major products; although other isomers were detected at the beginning of the 
reaction, they progressively disappeared to give rise to a single product. On the 
negative side, the substrate scope was narrow, and the yields were dependent on 
the substituents and their positions on the ring accounting for R1.

Coordination polymers (CPs) have emerged in the last decade as promising 
porous materials for the catalysis of various organic transformations.150 Ag-based-
CPs have shown to successfully catalyze the synthesis of cyclopentenone[b]
pyrroles via a tandem acylation-Nazarov cyclization (Table  6, entry 6). The 
catalyst was prepared by mixing AgNO3, H4TTB (1,2,4,5-tetra(2H-tetrazole-5-
yl)-benzene), and NH3·H2O with different solvents as structure-directing agents 
capable of influencing the structure of the catalyst depending on the size, shape, 
and polarity of the solvent molecules. The CP demonstrated high activity, stabil-
ity, and recyclability in five catalytic cycles.148

The last example in Table 6 demonstrates the potential of supported gold 
catalysts in the Nazarov cyclization. Moderate to excellent cyclization yields 
were afforded at room temperature. The catalyst was easily prepared from a 
mixture of AuCl3 and AgSbF6. Concerning the recyclability of the heteroge-
neous metal complex, it was demonstrated in only three cycles and necessitated 
the use of celite to separate it from the mixture.149



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

512  Heterogeneous catalysis in sustainable synthesis

Tetrahydrofurans

Tetrahydrofurans and furans are important oxygen-containing heterocycles that of-
ten exhibit interesting properties for biological applications or applications in the 
cosmetic industry. They can easily be synthesized by acid-promoted intramolecular 
cyclization of unsaturated alcohols or aryloxyacetaldehyde acetals.151, 152 Although 
traditional Brønsted acids are effective,153 they are considered to have a negative 
impact on the environment mainly due to the waste they generate, requiring neu-
tralization. Solid acid catalysis, and the advantages often associated with their use, 
have been proved equally efficient for the synthesis of tetrahydrofurans or furans. 
Zeolites and silica-supported-catalysts have been used for this purpose.154–156 
Three representative examples of such reactions are shown in Table 7.

Brønsted and Lewis acid sites-containing zeolites successfully catalyzed the 
conversion of diols and aryloxyacetaldehyde acetals to produce tetrahydrofurans 
and benzofurans, respectively in high yields. In both reactions, they exhibited 
good recyclability.154, 155 A silica-supported silver catalyst led to the formation of 
trisubstituted furans from diols in nearly quantitative yields; the excellent purity 
of the products bypassed the need for purification steps. The recyclability of the 
catalyst was not investigated in the study.156 It must be noted that the solvents 
employed for all three reactions possess considerable toxicity and hazard.

3.8.2.2.2  Heterogeneous catalytic synthesis of six-
membered rings
Isopulegol

Isopulegol, an intermediate of the production of menthol, and widely used 
for its flavoring and anesthetic properties, can easily be prepared via the ene 

TABLE 7  Heterogeneous catalytic synthesis of furans and tetrahydrofurans.

Entry Starting materials
Catalyst/
conditions Product

Yield 
(%) Ref.

1 H-BEA zeolite, 
CH3CH2NO2, 
85°C, 1.5 h

95 154

2 H-β zeolite, 
PhCF3 reflux, 
0.5–10 h

71–95 155

3 AgNO3-SiO2, 
CH2Cl2, 20°C, 
3 h

71–99 156
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cyclization of citronellal.157 It is commonly produced with an efficient method 
using a Lewis acid catalyst that unfortunately gives rise to the generation of sig-
nificant amount of waste. Some methods have been reported to use potentially 
recyclable zeolites or silica-based catalysts, thus reducing the environmental 
impact of the reaction.158–160 The conditions and yields of representative ex-
amples are tabulated in Table 8.

The best results were obtained with zeolites exhibiting a high concentration 
of acid sites and large enough pores to allow the efficient diffusion of citronellal.  
For example, the zeolite H-beta-11 catalyzed the reaction efficiently and se-
lectively with 95% conversion and a diastereoselectivity of 75% in favor of 
(−)-isopulegol when using (+)-citronellal as the reagent (Table 8, entry 1).158 
The bifunctional Ir/Beta zeolite catalyst, prepared via impregnation of Beta zeo-
lite with different concentrations of Ir, converts citronellal to menthol directly 
by consecutively catalyzing the cyclization and hydrogenation steps (Table 8, 
entry 2).159 Similarly, a MOF catalyst containing palladium nanoparticles was 
used for the consecutive cyclization of citronellal to isopulegol and the hydroge-
nation to menthol resulting in 86% yield of menthol in 18 h (Table 8, entry 3).160  
Interestingly, higher selectivities were obtained when conducting this tandem 
reaction in two steps, introducing H2 after the completion of the cyclization 
step. In fact, the desired menthol was obtained as a major product when cit-
ronellal was allowed to isomerize under a N2 atmosphere until complete 

TABLE 8  Heterogeneous catalytic preparation of isopulegol from citronellal.

Entry Catalyst/conditions
Yield (%) 
(diastereoselectivity) Ref.

1 H-Beta-11/cyclohexane, 90°C, N2 
atmosphere, 3 h

95 (75 (−)-isopulegol) 158

2 Ir-Beta zeolite/cyclohexane 80°C, 10 h 93 ((±)-menthol) 159

3 Pd-MIL-101, cyclohexane, 80°C, 18 h, 
1st step in N2 atm., 2nd step in H2 
atm.

86 (81 (−)-menthol) 160

4 Zn/porous clay heterostructure, 
isopropanol, 80°C, 3 h

50 ((±)-isopulegol) 161
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conversion before supplying H2, which required a relatively long reaction time. 
Nevertheless, starting with a racemic mixture of citronellal, the catalytic method 
was proved to be diastereoselective. The last example offers shorter reaction 
times and a more environmentally friendly solvent than cyclohexane, but the 
yield obtained is significantly lower than that obtained with the other methods 
(Table 8, entry 4). The heterogeneous catalyst was prepared by immobilizing Zn 
on porous clay heterostructure (Zn/PCH) using several reagents including zinc 
acetate and saponite.161

Ionones

Ionones are citral-derived compounds that are widely used in the pharmaceu-
tical and fragrance industries as well. Ionones are produced from citral in a 
two-step synthesis corresponding to an aldol condensation followed by a cycli-
zation, often catalyzed by mineral acids.162 Eco-friendly heterogeneous acid-
based processes have been employed to promote the formation of ionones, 
including acidic resins163 and sulfated mesoporous silica.164 It was observed, 
however, that the yields were significantly lower than those obtained in the  
similar homogeneous experiments. More recently, another work reported 
the use of multiple solid acid catalysts for the production of ionones, nota-
bly the activities of zeolite H-BEA, Amberlyst 35W, SiO2-Al2O3, unsupported 
and silica-supported heteropolyacids (HPA/SiO2) were compared.165 Ionone 
formation was greater on strong Brønsted acid sites. The best result, a yield 
comparable to homogeneous methods (79%), was obtained with HPA/SiO2 
after 1.5 h of reaction at 110°C (Scheme 11).165 The high activity of the het-
eropolyacid catalyst was due not only to strong Brønsted acidity but also to a 
large surface area preventing steric hindrance and thus allowing cyclization of 
pseudoionone to ionone.

SCHEME 11  Synthesis of ionones from citral using a HPA/SiO2 catalyst for the cyclization step.



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

Ring transformations by heterogeneous catalysis  Chapter | 3.8  515

Terpenoids

The acid-promoted cyclization of acyclic polyene terpenoids is a common path-
way found in nature for the formation of cyclic or polycyclic biomolecules.166 
The natural pathway is governed by the enzymes called “cyclases,” the cavities 
of which provide a confined environment allowing for the achievement of a high 
degree of diastereoselectivity. Due to the difficulty to replicate the natural cycliza-
tion pathway of terpenoids because of the sensitivity of enzymes, other catalytic 
systems have been developed including the Lewis- and Brønsted-acid-driven re-
actions.167 They often suffer from poor selectivities and require superstoichio-
metric amount of acid. More recently, methods, based on solid acids have led 
to interesting results on account of the specific environment that highly porous 
materials can provide in order to mimic the natural environment where cyclization 
of terpenoids usually takes place. A representative example is the cyclization of a 
diene terpenoid leading to α-cyclogeranyl acetate catalyzed by the zeolite NaY at 
70°C for 3 h (Scheme 12).168 Good selectivity was achieved compared to the min-
eral acid-driven reaction (86:14 vs 54:46). It was proposed that the better selectiv-
ity observed originated from the predominance of the chair-like over the boat-like 
transition state of the terpene inside the specific environment of the zeolite while 
the typical mineral acid-based reaction does not favor one configuration over the 
other leading to nearly equal amount of the isomeric products.

Similarly, the terpenoid geranyl acetone could be converted to α-ambrinol 
with the same zeolite catalyst in excellent selectivity (Scheme 13).166 It was 
demonstrated that the selectivity was proportional to the reaction time, 
shorter reaction times resulting in lower ratios of α-ambrinol to dihydro-α-
ionone, the byproduct. This was explained by the activation of the carbonyl 
group of dihydro-α-ionone within the zeolite leading to a second intramo-
lecular cyclization and subsequently forming the major product. Interestingly, 
Brønsted or Lewis acidic conditions afforded other bicyclic products: 
(1R,2S,5S)-1,5-dimethyl-2-(prop-1-en-2-yl)-9-oxabicyclo[3.3.1]nonane  
or (8aS)-2,5,5,8a-tetramethyl-4a,5,6,7,8,8a-hexahydro-4H-chromene.

SCHEME 12  Na-Y-catalyzed synthesis of α-cyclogeranyl acetate.

SCHEME 13  Cyclization of geranyl acetone promoted by NaY.
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Quinolines/isoquinolines

De Paolis et al. developed a microwave-assisted K-10 montmorillonite-catalyzed 
synthesis for quinolines (Scheme 14).169 Although the process applies anilines 
and cinnamaldehydes, the two compounds form an intermediate, that undergoes 
an intramolecular cyclization. Although the reaction mechanism was not clear, 
it appears that the reaction progresses through different intermediate products 
when microwave or conventional heating were used. Despite potential differ-
ences in mechanism, both activation methods produced the same product. The 
last step of the process was an in situ aromatization providing the quinolines in 
good to excellent yields in very short reaction times.

The synthesis of substituted isoquinolines via AgI-K-10 montmorillonite-
catalyzed cyclization of iminoalkynes was reported by Jeganathan et  al.170 
Various functionalized terminal alkynes underwent cyclization to afford the 
desired nitrogen heterocycles in moderate to excellent yields, independently of 
the functional groups present (Scheme 15). The catalyst is believed to be bi-
functional, acting simultaneously as an electrophile and as a base facilitating the 
overall cyclization process. The method possesses environmentally friendly fea-
tures including the recyclability of the catalyst, the achievement of high yields, 
the simplicity of the procedure, and the minimization of metallic waste. To the 
contrary, the reaction is performed in the toxic solvent dimethylformamide and 
at relatively high temperature.

SCHEME 14  A microwave-assisted K-10 montmorillonite-catalyzed synthesis of multi-substituted 
quinolines.

SCHEME 15  AgI-K-10 catalyzed-synthesis of isoquinolines via intramolecular cyclization of 
iminoalkynes.
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3.8.3.  Ring opening reactions

Ring opening reactions, although less studied than cyclizations, are extremely 
practical synthetic routes for the preparation of value-added chemicals of industrial 
importance. Different categories of ring opening reactions can be distinguished; 
the two main types will be reviewed in this part: ring opening of small heterocycles 
possibly including subsequent cycloaddition and ring opening polymerization.

3.8.3.1  Ring opening of small heterocycles

Although the ring opening of cyclopropane derivatives is an important transfor-
mation that is often applied in the synthesis of biologically active compounds 
and natural products, it has been extensively covered in this book in the hydro-
genolysis chapter. Thus, in this subchapter we only focus on heteocyclic com-
pounds. Three-membered ring containing heterocycles such as epoxides and 
aziridines are versatile building blocks for the synthesis of complex molecules 
as they can readily undergo ring opening reactions.171–173 Due to the high ring-
strain, spontaneous ring opening reaction can easily occur upon a nucleophilic 
attack. Yet, the reaction sometimes requires a transition metal catalyst depend-
ing on the electronic configuration of the reagents.171 These heterocycles are 
also prone to electrophilic reactions, which proceed through different mecha-
nisms. Catalytic reactions via organometallic intermediates or via the forma-
tion of radicals are also common pathways for the ring opening of these small 
heterocycles. It will be demonstrated that heterogeneous catalysis is making its 
way into this reaction type as well. It should be noted that ring opening metath-
esis polymerization will not be covered in this chapter because this reaction type 
has already been discussed in detail in this same book in the Metathesis chapter.

3.8.3.1.1  Ring opening of epoxides
Synthesis of β-substituted alcohols

Epoxides are key intermediates in organic synthesis; they can easily react with 
a variety of nucleophiles to afford β-substituted alcohols upon a ring opening 
reaction. This transformation is commonly performed under basic or acidic 
conditions,174 or with the aid of metals such as lithium or metal salts such as 
chromium-based Lewis acid type catalysts.14 In order to avoid the use of aque-
ous solution of harmful and corrosive mineral acids or bases or the use of stoi-
chiometric metals and prevent the hazardous waste subsequently generated in 
these processes, various solid acid catalysts have been developed. A few rep-
resentative examples are collected in Table 9 that shows the different methods 
employed for heterogeneous catalytic epoxide ring opening reactions.

Graphene oxide, originally used for its electronic, especially conductive, 
properties, has found applications in catalysis due to its high surface area. The 
most applied preparation method involving oxidation of graphite under acidic 
conditions, the Hummers method,184 appears to provide sufficient coverage of 
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TABLE 9  Ring opening of epoxides catalyzed by solid-acid catalysts.

Entry Reagents Conditions/catalyst Product Yield (%) Ref.

1 Graphene oxide, CH3OH, RT,1–28 h 7–99 175

2 Graphene-SO3H, H2O, RT, 6 h 67 176

3 [Fe(BTC)] (BTC: 
1,3,5-benzenetricarboxylate), ROH, 
40–90°C, 1–144 h

30–93 177

4 Fe(BTC), 60°C, 24 h 57–89 178

5 MOF-808 (1%), 55°C, 24 h 99 179
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6 Amberlyst 15/indium complex, Et2O, RT, 
24 h

40–62 180

7 Chitosan-silica sulfate nano hybrid, 
MeCN, reflux, 4–6 h

87–96 181

8 Montmorillonite K-10, microwave, 
60–105 s

51–92 182

9 FeOx-pillard bentonite, 10 min, 70°C 45–95 (selectivity: 
1.52–4.05)

183
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sulfate groups to make graphene oxide an excellent solid acid catalyst. For in-
stance, it exhibited activity in the epoxide ring opening of multiple aromatic and 
aliphatic epoxides in the presence of methanol at room temperature (Table 9, 
entry 1).175 Except the highly substituted substrates, that possessed significant 
steric hindrance, all other substrates were converted with moderate to high yields 
and selectivity. The products obtained were consistent with the expectations orig-
inating from the acid catalyzed SN1 ring opening mechanism. The catalyst dem-
onstrated no significant loss of activity after recovery and reuse in three cycles.  
The functionalization of graphene with additional sulfate groups has also been 
explored to further broaden the catalytic applicability of graphene oxide. Sulfated 
graphene (G-SO3H), synthesized from the hydrothermal sulfonation of reduced 
graphene oxide with fuming sulfuric acid at 180°C, was very active for the hy-
dration of propylene oxide (Table 9, entry 2).176 In addition to being a recyclable 
catalyst, it was found that due to the unique structure of the solid material, mass 
transfer issues were minimized and did not significantly affect the yield. In fact, 
the static reaction led to similar results as the stirred counterpart.

Other solid-acid catalysts employed for the ring opening of epoxides in-
clude metal-organic frameworks. An iron-based metal-organic framework 
successfully catalyzed the ring opening of styrene oxide under mild reaction 
conditions with aniline in presence of alcohols serving as both the nucleophile 
and the solvent (Table 9, entry 3).177 It was observed that the smaller the size 
of the alkyl chain, the more reactive the alcohol; methanol leading to faster 
reaction rates and better conversions than larger alcohols. The catalyst was re-
cycled in three cycles in which consistent yields were obtained. The same type 
of MOF, Fe(BTC), successfully catalyzed the ring opening of styrene oxide by 
indole, aniline and other nitrogen-containing heterocycles (Table 9, entry 4).178  
In this example, control experiments performed with the homogeneous cata-
lyst counterparts suggested that the coordinatively unsaturated sites of the MOF 
are responsible for the observed activity of the catalyst, namely, it acted as a 
Lewis acid. Interestingly, another study found evidence that there exists a cor-
relation between the catalytic activity and the quantity of defects of the MOFs 
giving rise to a larger number of accessible Brønsted-acid active sites.179 Thus, 
the inherently defect-rich UiO-type MOFs such as MOF808 or other synthetic 
MOFs possessing missing-linker type defects effectively and regioselectively 
catalyzed the styrene oxide ring opening reaction with isopropanol (Table 9, 
entry 5). Another Lewis acid sites-containing polymeric material based on in-
dium effectively promoted the highly regio- and stereoselective ring opening 
reaction of optically active epoxides, forming new CC as well as CS bonds 
(Table 9, entry 6).180 The importance of Lewis acidity was proven by using the 
Amberlyst-Na as a catalyst in a control reaction that did not provide any conver-
sion. It should be noted that the supported Amberlyst 15/indium complex was 
easily prepared from the In(OTf)3 precursor in ethanol. It was also easily recov-
ered and recycled five times without remarkable loss in activity.

Behrouz et al. developed a chitosan-based nano-catalyst demonstrating high 
activity in the regioselective ring opening of epoxides with carboxylic acids 
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leading to 1,2-diol monoesters (Table 9, entry 7).181 The method involves a syn-
ergetic acid-base activation, which allows both reactants to contribute to the 
initiation of the reaction. In fact, chitosan immobilized on silica constitutes an 
organic-inorganic hybrid material that exhibits a dual mode of activation; the 
silica sulfate anion acts as the base and deprotonates the carboxylic acid while 
the protonated chitosan acts as the acid interacting with the oxygen atom of the 
epoxide. As a result, the products were obtained in excellent yields under mild 
reaction conditions. The good recyclability of the catalyst contributes to the en-
vironmental friendliness of the method, but the solvent employed, acetonitrile, 
that remains undesirable in green synthesis.

Last, clays demonstrated interesting activity for the ring opening of epoxides 
with aromatic thiols when combined with microwave irradiation; the excellent 
microwave absorption properties of the clay contributed to a synergy allowing 
extremely short reaction times (Table 9, entry 8).182 Moderate to high yields of 
beta-hydroxy sulfides were obtained under solvent-free conditions; cyclohexene 
oxide afforded the lowest yields. The styrene oxide ring opening by methanol 
was successfully catalyzed by iron oxide pillared clays, microporous materials 
consisting of swellable clays containing exchanged cations and polyoxocations 
in their interlayers (Table 9, entry 9).183 The performance of FeOx-pillared hec-
torite and FeOx-pillared bentonite, synthesized by the intercalation of iron (III) 
chloride into clay interlayers and calcined at 300°C, was compared to that of 
the corresponding raw clays and to Fe2O3. Quantitative yield of 2-methoxy-
2-phenylethanol was obtained using FeOx-pillared bentonite at 70°C for 10 min 
in excess methanol while the yields obtained with raw clay and Fe2O3 did not 
exceed 25%. The optimum reaction conditions were applied to a wide range of 
epoxides.

Synthesis of carbonyl compounds

As an interesting transformation, the ring opening isomerization of epoxides 
also provides a convenient route to the corresponding carbonyl compounds. In 
a solvent-free system stereoisomeric 1-methyl-2-phenyl-oxirans were isomer-
ized by heteropoly acids under mild conditions (RT, 30 min). Under optimized 
conditions, the appropriate ketone was obtained as the major product in good to 
excellent yields (Scheme 16).185, 186 The reaction appeared to favor the stronger 
acids, the weaker heteropoly acids required longer time while affording lower 
yields of the ketone.

SCHEME 16  Heteropoly acid-catalyzed ring opening isomerization of 1-methyl-2-phenyl-oxirans.
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Synthesis of cyclic carbonates

Cyclic carbonates are also commonly synthesized via a 100% atom economi-
cal reaction of an epoxide and carbon dioxide.187 The purpose of the catalytic 
conversion of this anthropogenic gas is twofold: (1) the effective suppression of 
its deleterious greenhouse effect and (2) its conversion to value-added chemi-
cals such as cyclic carbonates, that are useful intermediates in the production 
of pharmaceuticals, agrochemicals and fine chemicals.187 The reaction entails 
a ring opening step and a simultaneous ring forming step with two additional 
atoms. In fact, this direct pathway is the most studied; it usually occurs with the 
aid of a homogeneous catalyst (e.g., phosphines, quaternary onium salts, tran-
sition metal complexes) or a heterogeneous catalyst (e.g., MOFs, silica-based 
catalysts, zeolites, carbon-based catalysts).187, 188 Several examples for the ap-
plication of heterogeneous catalysis in the formation of cyclic carbonates are 
described in Table 10.

MOFs appear to be excellent candidates for this conversion of epoxides 
and CO2 into cyclic carbonates. Two types of binary MOFs using Cu and Zr 
as the metal centers were synthesized by the solvothermal method and suc-
cessfully applied to the CO2-epoxide cycloaddition under solvent-free condi-
tions (Table 10, entry 1).189 In presence of the co-catalyst tetrabutylammonium 
bromide (TBAB), 91% yield and 99% selectivity were achieved. The excellent 
performance was attributed to the synergistic effect of the Cu and Zr metals 

TABLE 10  Heterogeneous catalytic synthesis of cyclic carbonates from 
epoxides and carbon dioxide.

Entry Catalysts/conditions Yield (%) Ref.

1 UiO-66/Cu-BTC, TBAB, solvent-free, 60°C, 
1.2 MPa CO2, 8 h

91 189

2 [Ni3(BTC)2(MA)(H2O)](DMF)7, TBAB, 60°C, 
0.1 MPa CO2, 6 h

88–99 190

3 Co(tp)(bpy), solvent-free, 100°C, 1 MPa CO2, 7 h 91–94 191

4 ZIF-71/TBAB, 1.2 MPa CO2, 24 h or ZIF-71, 
120°C, 1.2 MPa CO2, 4 h solvent-free

8–98 192

5 GO, DMF, 100–140°C, 1 atm. CO2, 10–12 h 40–98 193
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together with the Br ion of TBAB responsible for the initiation of the ring open-
ing of the epoxide.

Li et  al. described another novel MOF based on Ni metal centers and 
nitrogen-rich melamine which was also constructed via the solvothermal 
method assembling 1,3,5-benzenetricarboxylic acid (H3BTC), melamine (MA) 
and Ni(II) ions (Table 10, entry 2).190 The highly porous material exhibited a 
high affinity towards binding CO2 due to its Lewis-base properties, which was 
demonstrated by its efficiency to catalyze the CO2 cycloaddition to small epox-
ides. Here again, the method employed TBAB as a co-catalyst and the reaction 
conditions were similar to the above example except that the pressure of CO2 
employed was more than ten times lower.

A dual-linker MOF, prepared with metal salts, terephthalic acid, and 
4,4′-bipyridine as precursors, was also reported as a good catalyst for this reac-
tion type (Table 10, entry 3).191 The reaction was performed under solvent-free 
conditions but in this case, the catalyst showed superior activity without a co-
catalyst. The MOFs afforded the cyclic carbonates in excellent yields in 7 h at 
100–120°C. The co-existence of Lewis acidic sites, due to the incompletely 
coordinated metal cations, and basic active sites, derived from uncoordinated 
pyridine groups, is believed to be responsible for the high activity of the cata-
lyst. All three types of MOFs were recyclable in five or six consecutive cycles 
(Table 10, entries 1–3).

A zinc-based imidazolate framework (ZIF-71), prepared from inexpensive 
precursors in ethanol at room temperature, was also successfully applied to the 
solvent-free synthesis of cyclic carbonates (Table 10, entry 4).192 It was found to 
efficiently catalyze the cycloaddition reactions under two possible reaction con-
ditions: high temperature and co-catalyst free or room temperature in presence 
of TBAB. High yields were obtained except for the sterically hindered styrene- 
and cyclohexene oxides. The activity of the catalyst was attributed to the pres-
ence of both acidic and basic sites at the surface of the framework, notably the 
co-existence of NH groups and free N-moieties enhanced the catalytic activity.

A graphene oxide-based method was described by Zhang et al. as a truly 
green strategy for the synthesis of cyclic carbonates from epoxides at atmo-
spheric pressure in absence of any co-catalysts unlike most other heterogeneous 
methods described above (Table  10, entry 5).193 High yields were, however, 
achieved only under harsh conditions; after over 10 h at temperatures above 
100°C. Interestingly, graphene oxides (used “as-received”) possessing the high-
est amount of oxygen-containing groups demonstrated the highest reaction rate, 
which led to the hypothesis that these groups constitute the surface active sites 
of the catalyst responsible for the activation of the epoxide.

A similar product, a nitrogen-containing cyclic carbonate, could be syn-
thesized with the aid of a MOF. The novel series of UiO-66 structures were 
successfully applied to the three-component cycloaddition of epoxides with ar-
omatic amines and CO2 (Scheme 17).194 The particularity and high reactivity of 
the metal-organic framework lies in the presence of a linker functionalized with 
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free, dangling alkylamine units that replace the ordinary carboxylate coordinat-
ing groups thus creating defects responsible for driving the reaction. As a result, 
the reaction proceeded under solvent-free conditions at ambient pressure of CO2 
and 85°C. The products were isolated in high yields and high regioselectivity.

3.8.3.1.2  Ring opening of aziridines
Aziridines constitute highly reactive precursors for the synthesis of various 
nitrogen-containing bioactive molecules including heterocycles, alkaloids and 
amino acids.171, 172 Their reactivity is due to the presence of an electrophilic 
carbon prone to nucleophilic attacks; it can easily undergo regioselective ring 
opening reactions.171, 172

The reaction of aziridine with diethylamine is a typical nucleophilic ring 
opening reaction and requires a proton donor acid catalyst to activate the aziri-
dine.195 A series of ion-exchange resins was therefore investigated to select the 
best performing catalyst. As expected, the conversion of the aziridine depended 
on the number and strength of the Brønsted acid sites on the resins. The acidity 
also had an impact on the selectivity of the N,N-diethylenediamine formation. 
The highest yield was obtained using the catalyst D001-CC under mild con-
ditions in water (Scheme 18). While the catalyst was recyclable five times, it 
should be stressed that its reuse involved mineral acid treatments as a reactiva-
tion and the catalyst loading exceeded 10%.

Das et  al. developed a method to perform the ring opening of aziridines 
with potassium thiocyanate and thiols in the presence of a heterogeneous cata-
lyst, sulfated zirconia, to give the corresponding β-aminothiocyanates and β-
aminosulfides, respectively (Scheme 19).196 The products were obtained in high 
yields and high regioselectivity under mild conditions. Interestingly, the inves-
tigation of the recyclability of the catalyst revealed that its activity gradually 
decreased in the ring opening with potassium thiocyanate, while no appreciable 

SCHEME 17  Synthesis of oxazolidinones catalyzed by a metal-organic framework.

SCHEME 18  Synthesis of ethylenediamine via an aziridine ring opening catalyzed by an ion-
exchange resin.
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change in activity was observed for ring opening with thiols during at least three 
consecutive cycles.

In a similar fashion as the synthesis of cyclic carbonates from epoxides and 
carbon dioxide, MOFs, synthesized from ligands XN (4-(4-pyridine)4,2:2,4-
terpyridine) and isophthalic acid (IPA) by isothermal method, catalyzed the con-
version of CO2 and aziridines.197 Here again, tetra-n-butylammonium bromide 
(TBAB) was used as a co-catalyst, which together with the MOF achieved high 
yields under mild temperature in 10 h (Scheme 20).

3.8.3.2  Ring opening polymerization

Polyesters and polyamides undeniably have numerous practical uses due to 
their mechanical strength, their thermal stability and their biocompatibility 
when prepared from lactones or lactam derivatives.198, 199 These materials are 
prepared via two different pathways: step-growth or ring opening polymer-
izations.200 Often, the catalysts involved in these processes are metal-based201 
which causes metal contamination issues and thus limits the applications of the 
obtained polymers in the biomedical field.202 As such, the use of the nonme-
tallic, heterogeneous carbon catalysts is of great interests for the development 
of metal-free approaches.203 These so-called carbocatalysts have demonstrated 
interesting activity as heterogeneous catalysts for the synthesis of polymeric 
materials. The conversion of several cyclic lactones and lactams, such as ε-
caprolactone, ε-valerolactone, and δ-caprolactam to their corresponding bio-
compatible and biodegradable polyamides and polyesters was performed using 
graphite oxide as the catalyst (Scheme 21).204 Interestingly, the carbon catalyst 
was retained and evenly dispersed within the polymeric structure allowing the  
elimination of additional steps to introduce a carbon-filler.

SCHEME 19  Regioselective ring opening of aziridines with potassium thiocyanate and thiols us-
ing sulfated zirconia as a heterogeneous catalyst.

SCHEME 20  Heterogeneous catalytic conversion of aziridines and CO2 to oxazolidin-2-ones.
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The ring opening polymerization of lactones has been extensively studied 
with heterogeneous catalytic systems.202 Both nonmetal and metal-based cata-
lysts demonstrated good performance. The results are tabulated in Table 11.

Among the metal-free systems, the incorporation of organocatalysts onto the sur-
face of insoluble supports appears to be a valuable method providing good mono-
mer conversions while ensuring the noncontamination of the product and a simple 
separation of the catalyst from the reaction mixture. The dimeric 1-tert-butyl-
2,2,4,4,4-pentakis(dimethylamino)-2Λ5, 4Λ5-catenadi-(phosphazene) supported  

SCHEME 21  Ring opening polymerization of lactones and lactams to fullerene-reinforced poly-
esters and polyamides catalyzed by graphite oxide.

TABLE 11  Ring opening polymerization of lactones by heterogeneous 
catalysis.

Entry Catalyst/conditions Conversion (%) Ref.

1 1-tert-butyl-2,2,4,4,4-pentakis(dimethylamino)-
2Λ5, 4Λ5-catenadi(phosphazene) supported 
on polystyrene, toluene, benzyl alcohol, 
100°C, 12–48 h

43–95 205

2 n-Propylsulfonic acid-functionalized porous 
and nonporous silica, 27–136 h

38–96 206

3 Polystyrene-supported Zn(acetate), 
Sn(ethylhexanoate), solvent-free, 1–6 h

90 207

4 Magnetic nanoparticle supported aluminum 
isopropoxide, toluene, isopropanol, nitrogen 
atmosphere, 100°C, 10 h

95 208



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

Ring transformations by heterogeneous catalysis  Chapter | 3.8  527

on polystyrene successfully catalyzed the ring opening polymerization (ROP) of 
δ-valerolactone (Table  11, entry 1).205 The use of an alcohol as an initiator pro-
vided polymers with controlled molecular weight and narrow molecular weight 
distributions.

n-Propylsulfonic acid-functionalized porous and nonporous silica materials 
were also evaluated for the synthesis of polycaprolactone (Table 11, entry 2).206  
The synthetic pathway employed progressed via three distinct steps: the func-
tionalization of the silica surface with thiols, the capping of silanols and the 
oxidation of thiols groups. Although the nature of the catalyst allows for its 
rapid extraction from the polymerization solution and for the absence of metal 
residues in the polymer, the extracted solid was inefficient in recycling experi-
ments. This drawback adds up to the nonnegligible environmental impact of its 
synthesis.

The metal-based catalytic systems that included Sn and Zn carboxylate were 
prepared by immobilizing it on polystyrene207 and magnetic nanoparticle sup-
ported aluminum isopropoxide, respectively (Table 11, entries 3 and 4).208 The 
first study reported that changing the ligand from acetate to 2-ethylhexanoate, 
and applying electron withdrawing groups on the catalyst greatly improved the 
polymerization rate. One of the advantages of the method was the low cata-
lyst loading combined with high turnover frequency. The specificity of the sec-
ond work is the ease of recovery of the catalyst due to its magnetic properties. 
The products obtained with either one of the methods contained only minute 
amounts of metal after a simple filtration or magnetic separation. Both cata-
lysts were recovered and reused in several cycles. While the magnetic catalyst 
demonstrated only a slight drop in conversion, the polymer supported-catalyst 
exhibited a progressive loss in activity.

It is worth mentioning that most methods listed in Table 11 reported a con-
trolled polymerization with narrow polydispersities compared to traditional ho-
mogeneous methods.

The ring opening polymerization of ε-caprolactone was also performed 
by yttrium isopropoxide grafted onto silica surface in toluene at 40°C; an-
other alternative to prevent heavy-metal toxicity in the synthetized polymers 
(Scheme 22).209 The specificity of the method is the use of an alcohol in order 
to trigger an exchange reaction with the grafted active alkoxide groups. The 
role of the alcohol is dual as it controls the length of the chains and it regener-
ates the alkoxide at the surface of the support, which allows for the recycling 
of the catalyst. In addition, varying the initial monomer/(alcohol + alkoxide) 
molar ratio makes the degree of polymerization tunable. With regards to the 
catalyst preparation, it entailed a simple mixing of [tris(hexamethyldisilyl)am-
ide]yttrium and isopropanol in toluene under mild conditions followed by the 
addition of a suspension of silica nanoparticles. Only the process of dehydration 
of silica required harsher conditions, 15 h heating at 130°C. The process can be 
carried out by MOF-based catalysts as well.210
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A similar system was developed using a fixed-bed reactor for a continu-
ous flow process. The anionic ring opening polymerization of ε-caprolactone 
was performed with aluminum alkoxides grafted on dehydrated porous silica 
or alumina using alcohol molecules as a transfer agent. The fixed-bed reactor 
was first charged with the solid catalyst and continuously fed with a mixture of 
monomer and alcohol. The addition of alcohol is an essential step as it induces 
the transfer reaction on the solid support and consequently enables the polymer 
chains to move along the reactor. Conversions, as well as molecular weights 
were functions of the residence time of the reactants within the porous phase.211

Other heterogeneous catalytic ring opening polymerization of lactones in-
clude the polystyrene supported organotin dichloride-driven reaction.212 The 
work reported by Deshayes et  al. demonstrated that high-resolution magic-
angle-spinning (MAS) NMR spectroscopy served as an invaluable technique to 
provide a thorough characterization of the solid catalyst as well as a powerful 
tool to monitor the catalytic process itself. In fact, the swelling properties of 
the insoluble polymeric supports allowed for sufficient molecular mobility at 
the interface of the catalyst so as to generate the line narrowing necessary for 
observation in NMR spectroscopy. In spite of the recyclability of the anchored 
organometallic catalyst, its laborious synthesis employs multiple reagents pos-
sessing variable toxicities.

The ring opening polymerization of polylactide, a bio-sourced thermoplas-
tic aliphatic polyester, was successfully performed by heterogeneous catalysis. 
Titanium-supported silsequioxane complexes, prepared from silica as a support 
and Ti(OPr)4 as the metal precursor, served the purpose (Scheme 23).213 The poly-
lactide was obtained in 83% yield after only 30 min at 130°C. Interestingly, lower 
yields were observed when using smaller silica particles, likely a consequence 
of the mass transport limitation effects. When compared to the homogeneous 

(A)

(B)

SCHEME 22  Polymerization of ε-caprolactone by yttrium isopropoxide grafted to a mineral sup-
port: competition between chain propagation and alkoxide/alcohol exchange (A); and recovery of 
the supported catalyst by the alcohol used as the termination agent (B).
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counterpart, the heterogeneous system provided narrower polydispersity index, 
a sign of better polymerization control. It must be noted that despite the advan-
tages offered by the solid catalyst, its recyclability was not investigated.

3.8.3.3  Other types of ring opening reactions

Nguyen et al. described a method to prepare triphenylamines via a heterogeneous 
catalytic ring opening-addition reaction sequence from benzoxazoles or benzo-
thiazoles with iodoarenes. The comparative study demonstrated that CuFe2O4 
superparamagnetic nanoparticles were more active than other nickel based- or 
cobalt-based nano-catalyst as well as several solid catalysts such as MOF-199 
or Cu2(BDC)2(DABCO) and numerous homogeneous catalysts (Scheme 24).214 
It was also observed that the nature of the base and the solvent played a critical 
role in the conversion. Cs2CO3 as the base and diethylene glycol as the solvent 
provided the most effective reaction conditions. In addition to unprecedented 
high yields, the magnetic properties of the catalyst made it possible to separate 
it from the reaction mixture and reutilized it in five consecutive reactions while 
preserving the original catalytic activity.

Ring opening of hydrocarbons is commonly performed by heterogeneous 
catalysis for diesel and aromatics production purposes.215 Selective ring open-
ing of naphthenes to paraffins is essential to upgrade the diesel oil. Catalysts 
supported on zeolites have the potential to increase the cetane number without 
losing the molecular weight of the initial aromatics.216 HY- and Hbeta-supported 
carbide catalysts showed similar performance to that of noble metal catalysts 
loaded on the same supports for the ring opening of decalin. For instance, the 
Ni-Mo carbide supported on HY showed a ring opening yield of 33.5% at 240°C 
and the Pt-Ir/HY catalyst showed a 32% yield at 220°C (Scheme 25).

SCHEME 23  Ring opening polymerization of rac-lactide to polylactide catalyzed by a heteroge-
neous Ti(IV) silsequioxane complex under molten conditions.

SCHEME 24  The ring opening reaction of benzoxazole with iodobenzenes to generate triphenyl-
amines using CuFe2O4 catalyst.
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3.8.4.  Conclusions and outlook

Various heterogeneous catalytic ring transformations have been reviewed 
with an emphasis placed on the environmentally friendliness of the methods. 
Representative examples of the well-established intermolecular cyclization re-
actions, notably the Diels-Alder and Paal-Knorr reactions, the Huisgen cycload-
dition and the intramolecular cyclization reactions such as the Nazarov reaction, 
were described. In addition, the synthesis of multiple five and six-membered 
ring heterocycles of high importance were included. Regarding ring opening 
transformations, ring opening of small heterocycles and ring opening polymer-
izations were extensively reviewed as well. Among the classes of catalysts that 
were the most active for all reaction-type zeolites, MOFs, and clays dominated. 
The porosity of these heterogeneous catalysts combined with their acidic and/or 
basic active sites contributed to the excellent results obtained.
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Chapter 3.9

Heterogeneous catalytic 
rearrangements and other 
transformations

3.9.1.  Rearrangements

Rearrangement reactions are a special and useful group of organic transforma-
tions. Although in many cases these reactions produce undesirable by-products 
in various processes, there are several rearrangements that are well studied and 
are intentionally used to generate products from easily available starting mate-
rials. In general, during these transformations a group or an atom migrates to 
a different position in the carbon skeleton of the molecule, often the skeleton 
itself changes during the migration.1, 2 Rearrangements can occur via ionic or 
radical mechanisms.

3.9.1.1  Beckmann rearrangement

The Beckmann rearrangement is a rearrangement of oximes to produce the cor-
responding amides induced by an electropositive nitrogen initiating an alkyl 
migration. This transformation is useful for the production of various key inter-
mediates involved in the synthesis of fine chemicals, in the medical field, the 
agrochemical field, and the plastics sector among others.3, 4

ε-Caprolactam probably constitutes one of the most important intermediates 
that can be produced via a Beckmann rearrangement; it is the precursor of the 
widely used nylon.4 Traditionally, the industrial process for the production of 
caprolactam involves harmful and corrosive liquid mineral acids, such as con-
centrated sulfuric acid5 and inevitably lead to several issues including the dif-
ficulty to separate the product, the corrosion of the reactors and the generation 
of a large amount of ammonium sulfate formed as by-product. Heterogeneous 
catalysis holds a great potential to overcome these issues. A few representative 
examples for solid acid-catalyzed Beckmann rearrangement of cyclohexanone 
oxime to ε-caprolactam are collected in Table  1. In addition to its industrial 
importance, this particular reaction is also frequently used as a test reaction 
for the characterization of solid acids, such as zeolites or metal-organic frame-
works.12, 13 Although, Table  1 focuses on the ε-caprolactam synthesis, the 



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

544  Heterogeneous catalysis in sustainable synthesis

applied catalysts and conditions were found useful for generic application with 
broad substrate scope.

Sulfonated polymeric solid acid (H-PDVB-SO3H) was applied as a catalyst 
to a liquid phase Beckmann rearrangement of cyclohexanone oxime (Table 1, 
entry 1).6 The catalyst was prepared by a copolymerization step of divinylben-
zene with sodium p-styrene sulfonate under solvothermal condition followed 
by a protonation step via ion-exchange. ε-Caprolactam was obtained with 75% 
yield in one hour at 130°C. The catalytic system could be applied to various 
other substrates demonstrating broad substrate scope. In addition, the catalyst 
showed good recyclability. Another sulfonated catalytic material, sulfonated 
graphene oxide coated by SiO2, demonstrated high yield and selectivity for the 
same reaction in 2 h at milder temperature than the sulfonated polymeric solid 
acid-based system (60°C vs 130°C) (Table 1, entry 2).7 The mesoporous SiO2 
layer improved the separation of the GO-OSO3H catalyst from the reaction 
mixture. As a result, the catalyst could be recovered and reused with a slight 
decrease in yield from 98% to 90% after the sixth run.

Zhang et  al. described the synthesis of amides from ketoximes catalyzed 
by a sulfonated imidazolium salt of phosphotungstate in the presence of zinc 
chloride (Table 1, entry 3).8 The catalyst (10 mol%) which was combined to 
30 mol% of ZnCl2 converted cyclohexanone oxime to ε-caprolactam and other 
aromatic oximes to the amide product in high yields within 1 h at 90°C in ace-
tonitrile. Despite a successful recovery and reuse of the catalyst, the catalytic 

TABLE 1  Heterogeneous catalytic Beckmann rearrangement for the 
production of ε-caprolactam.

Entry Catalyst/conditions Yield (%) Ref.

1 H-PDVB-SO3H, PhCN, 130°C, 1 h 75 6

2 GO-OSO3H@SiO2, MeCN, 60°C, 2 h 98 7

3 [MIMPS]3PW12O40, ZnCl2, MeCN, 90°C, 1 h 83 8

4 Ti-montmorillonite, benzonitrile, 90°C, Ar, 20 h 74 9

5 CNTs, benzonitrile, 130°C, 6 h 44 10

6 SBA-ar-SO3H, chlorobenzene, 130°C, 24 h 42 11

H-PDVB-SO3H, sulfonated poly(divinyl)benzene; GO, graphene oxide; MIMPS, sulfonated 
imidazolium salt; CNT, carbon nanotubes; SBA-ar-SO3H, arenesulfonic acid functionalized SBA-15; 
SBA, Santa Barbara Amorphous, a mesoporous silicate.



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

Heterogeneous catalytic rearrangements  Chapter | 3.9  545

system cannot be considered fully recyclable as the co-catalyst, zinc chloride, 
accounts for the waste generated.

Titanium cation-exchanged montmorillonite-catalyzed Beckmann rear-
rangement is a different approach offering several advantages including a wide 
substrate scope (aromatic, aliphatic, and alicyclic ketoximes), mild reaction 
conditions, good to high yields, and catalyst recyclability (Table 1, entry 4).9 As 
an example, ε-caprolactam was obtained in 74% yield in 20 h at 90°C. It should 
be noted that the reactions were performed under argon atmosphere and that the 
reaction time range was from a few hours to 20 h.

Carbon nanotubes treated with concentrated HNO3 also demonstrated activ-
ity in the conversion of cyclohexanone oxime to ε-caprolactam. Characterization 
studies revealed, as expected, that the conversion followed a linear correlation 
with the number of acidic sites. The maximum conversion reached was 44% 
after 6 h at 130°C (Table 1, entry 5).10 Regarding the environmental impact, in 
addition to a high temperature of reaction and the use of the organic solvent 
benzonitrile, the recyclability of the carbon nanotubes was not studied.

Arenesulfonic acid functionalized SBA-15 (SBA-ar-SO3H) was also evalu-
ated as a catalyst for the Beckmann rearrangement of cyclohexanone oxime 
(Table 1, entry 6).11 The catalyst was synthesized via the co-condensation of 
2-(4-chlorosulfonylphenyl)ethyltrimethoxysilane and tetraethyl orthosilicate. 
Different loadings of the acid were tested; both the conversion and selectiv-
ity to ε-caprolactam were found to increase with the loading of arene-SO3H 
groups. The comparison of catalytic activity of SBA-ar-SO3H with H-ZSM-5, 
Al-MCM-41 and Al-SBA-15 among other mesoporous materials showed that 
SBA-ar-SO3H achieves superior results, although the use of chlorobenzene as a 
solvent, the high temperature, and the long reaction time increases the environ-
mental impact of the protocol.

The Beckmann rearrangement of aldoximes/ketoximes has emerged as an 
alternative to the conventional, lower-atom economy approach employing car-
boxylic acids and amines to produce amides.14, 15 Amides in conjugation with 
aromatic or heterocyclic rings are particularly relevant in the pharmaceutical 
industry due to the various biological activities they exhibit.3, 16, 17 These ap-
plications are illustrated by several examples in Table 2.

Copper complex-functionalized magnetic core-shell nanoparticles (Fe3O4@
SiO2‐Lig-Cu) were developed to catalyze the Beckmann rearrangement of al-
doximes to amides in an attempt to eliminate the need for catalyst filtration 
while taking advantage of the high-catalytic activity of metal nanoparticles 
(Table 2, entry 1).18 The reaction was performed under mild conditions in short 
times using PEG as a green reaction medium. High yields of products especially 
for heteroaromatic amides were obtained and the compatibility of the catalyst 
towards a wide range of functional groups was demonstrated. The magnetic 
properties of the catalyst were successfully utilized to foster the recyclability 
of the catalyst, further improving the eco-friendly potential of the approach. 
KarimKoshteh and Bagheri reported a similar method employing nano Fe3O4 
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TABLE 2  Heterogeneous catalytic Beckmann rearrangement of aldoximes and ketoximes.

Entry Substrate Catalyst/conditions Yield (%) Ref.

1 R1, R2 = CH3, aryl Fe3O4@SiO2-Lig-Cu, PEG, 80°C, 1 h 40–95 18

2 R1 = H, R2 = aryl Nano-Fe3O4, ultrasonic irradiation/H2O, 
35–50 min

95–98 19

3 R1, R2 = aryl Ir(ppy)2(PDVB-py), DMF, MeCN, Ar, CBr4, 3W 
Blue LED

75–95 20

4 4-Hydroxyacetophenone oxime Tungstated zirconia nanocatalysts, benzonitrile, 
12 h, 130°C

90 21

5 R1 = H, R2 = aryl GO-CoPPh, toluene, 80°C, 85–180 min 79–90 22

6 R1 = H, R2 = aryl or sugar oximes MoO3/SiO2, refluxing ethanol, 18 h 70–97 23

7 Benzaldoxime
4-Methoxybenzaldoxime

KFAU-Y, benzene-acetonitrile (1:1), 200°C, 2 h 91–99
98 (selectivity 36 
towards the amide)

24

Fe3O4@SiO2‐Lig-Cu, copper complex-functionalized magnetic core-shell nanoparticles; PDVB-py, vinylpyridine-divinylbenzene copolymer; GO-CoPPh, cobalt(II) porphyrin 
covalently linked to graphene oxide.
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under ultrasonic irradiation (Table 2, entry 2).19 Advantages of the method also 
include easy work-up procedure, high yields of secondary amides, mild reaction 
conditions, and good recyclability of the magnetic nanoparticles. It should be 
stressed, however, that in this example, the catalyst loading was significantly 
higher than the one reported in the example using the above copper complex-
based catalyst (0.5 equivalent cat/substrate vs 4 mol%).

Another interesting approach to produce amides employs an immobilized 
iridium complex photocatalyst Ir(ppy)2(PDVB-py), synthesized by immobiliza-
tion of the iridium complex onto the nanoporous vinylpyridine-divinylbenzene 
copolymer (PDVB-py) (Table 2, entry 3).20 Similarly to the above examples, 
high yields were obtained for a wide range of substrates (ketoximes) and the 
catalyst could be recycled in up to five consecutive cycles with minor loss of 
activity. However, unlike the first two examples employing green reaction con-
ditions, these reactions were performed in an organic solvent, acetonitrile, in 
presence of an excess amount of CBr4 and using a blue LED for 12 h to activate 
the catalyst.

An efficient heterogeneous catalytic process for the production of nonste-
roidal anti inflammatory drugs was reported as an environmentally friendly 
alternative to the conventional homogeneous processes.25 High yields of N-
acetyl-p-aminophenol (paracetamol) was achieved at 130°C in 12 h in the pres-
ence of tungstated zirconia nanocatalysts (Table 2, entry 4).21 The study revealed 
a correlation between the nanostructure and catalytic activity suggesting that the 
Brønsted acid sites of the catalyst are highly active even at mild temperatures.

Ghadamyari et al. reported a cobalt(II) porphyrin complex covalently linked 
to graphene oxide as a nano heterogeneous catalyst (GO-CoPPh) for the con-
version of aldoximes to primary amides via Beckmann rearrangement (Table 2, 
entry 5).22 The yields achieved ranged from 79% to 90% in less than 2 h in 
toluene. The proposed catalyst was recycled in five consecutive cycles with a 
slight loss of activity.

A comparative study demonstrated that silica-supported molybdenum(VI) 
oxide achieves similar results as beta-zeolite as a solid acid catalyst for the 
Beckmann rearrangement (Table  2, entry 6).23 Both catalysts were found to 
facilitate the rearrangement of a wide range of sugar-derived ketoximes after 
refluxing the reaction mixture in ethanol for 18 h. A notable advantage of the 
method lies in the fact that commonly employed protecting groups in carbohy-
drate chemistry, such as isopropylidene and cyclohexylidene systems and ben-
zyl ethers were found to be stable under the conditions employed.

Thomas et  al. described that the dehydration/Beckman rearrangement 
reaction of benzaldoxime and 4-methoxybenzaldoxime could be catalyzed 
by rare earth metal ion exchanged (La3 +, Ce3 +, Re3 +) KFAU-Y zeolites 
(Table  2, entry 7).24 The catalyst was prepared by simple ion-exchange 
methods and characterized using different physico-chemical techniques re-
vealing its acidic character, structural properties, surface area, and pore vol-
ume. The activity and selectivity of these rare-earth metal-exchanged zeolite 
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catalysts were compared to that of K-10 clay and silica for two substrates. 
Although 4-methoxybenzaldoxime was converted to the expected Beckmann 
rearrangement- (4-methoxyphenylformamide) and dehydration products 
(4-methoxybenzonitrile) in high overall yields and with a selectivity that fa-
vored the nitrile formation on all catalysts, benzaldoxime was converted almost 
quantitatively to benzonitrile. The method is of industrial relevance because it 
could be performed in a continuous flow reactor at 200°C. It was however ob-
served that the catalysts underwent rapid deactivation due to the neutralization 
of the acid sites with basic reactants and products.

3.9.1.2  Fries rearrangement

The Fries rearrangement transforms esters of aromatic hydroxyl compounds 
(phenols, naphthols, etc.) to aromatic ketones or other valuable intermediates 
for the synthesis of various specialty chemicals and pharmaceuticals.26 The 
starting material, the ester, interacts with an acid catalyst to generate an ac-
ylium ion intermediates. Current industrial processes require a stoichiometric 
amount of Lewis acids (e.g., AlCl3) or mineral acids as catalysts, generating 
significant amount of hazardous waste.27, 28 Similar to typical Friedel-Crafts 
reactions, zeolites were among the first solid acid catalysts to be explored as 
an alternative to conventional homogeneous systems in an effort to reduce the 
environmental impact of the reaction. Mesoporous silica, heteropoly acids and 
acidic ion-exchange resins were also proposed as heterogenous catalysts for the 
Fries rearrangement.

Van Grieken et  al. showed that the presence of a phenyl group close to 
the sulfonic acid group significantly increases the acid strength of modified 
mesoporous silica SBA-15 consequently enhancing the catalytic activity of the 
material for the Fries rearrangement (Table 3, entry 1).29 As a result, the arene-
sulfonic acid modified mesostructured SBA-15 successfully converted phenyl 
acetate to the most desired product hydroxyacetophenones (HAP). Because 
phenol is obtained as a by-product during the reaction, the presence of an initial 
amount of phenol favors the production of HAP. Interestingly, while the catalyst 
rapidly deactivated due to the adsorption of reaction products and/or the forma-
tion of carbonaceous deposits on the sulfonic acid sites, using dichloromethane 
as a solvent significantly reduced the deactivation process suggesting an easy 
regeneration of the catalyst, although with an undesirable solvent.

Heteropoly acids such as H3PW12O40 catalyzed the Fries rearrangement of 
aryl esters (phenyl acetate, phenyl benzoate, and p-tolyl acetate) to yield the ac-
ylated phenols and esters together with phenols in heterogeneous or homoge-
neous systems at 100–170°C (Table 3, entry 2).30, 31 In the heterogeneous system, 
nonpolar solvents such as dodecane were employed and the heteropolyacid was 
preferably supported on silica allowing the recovery and reuse of the catalytic 
material. Although the heteropolyacid were found to be two orders of magnitude 
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more active than H-beta zeolite, the conversion still remained under 20% and the 
reaction afforded four different products with rather poor selectivity.

The application of Nafion-H-based catalysts in the Fries rearrangement has 
been reported by Török et al. This superacidic ion exchange resin was used in 
its commercially available bead form and also in a simple silica-immobilized 
sample and as a Nafion-H silica nanocomposite. The nanocomposite showed 
the best performance in the reaction, resulting in significantly better conver-
sions (up to 54%) than the catalysts in the above two examples with up to 100% 
selectivity for the 4HAP product.32 Although the reaction is one of the best 
performing heterogeneous catalytic process for the Fries rearrangement, the use 
of the high temperature and the solvent nitrobenzene increase the environmental 
impact of the protocol.

3.9.1.3  Epoxide rearrangements

Due to the high reactivity of epoxides, they are prone to rearrangements produc-
ing various organic compounds. The production of allylic alcohols occurring 

TABLE 3  Heterogeneous catalytic Fries rearrangements.

Entry Catalyst/conditions Yield (%) Ref.

1 Arenesulfonic modified 
mesostructured SBA-15, 
dichloromethane, 100–170°C, 
25 h

10 (HAP) 29

2 H3PW12O40, benzonitrile, 
150°C, 2 h

45 conversion
12 and 24 selectivity for 2HAP 
and 4HAP respectively

30, 31

3 Nafion-H, Nafion-H/
SiO2, and Nafion-H silica 
nanocomposite, nitrobenzene, 
220ºC, 1–2 h

45–54 conversion with up to 
100 selectivity for 4HAP

32

SBA, Santa Barbara Amorphous, a mesoporous silica.
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via both α- or β-deprotonation processes is a typical example. While several 
homogeneous catalysts can successfully facilitate the reaction, the use of het-
erogeneous catalysts are preferred from an environmental point of view. Basic 
resins, prepared from Merrifield’s resin and containing secondary amine groups 
were reported as efficient and selective catalysts for the synthesis of allylic al-
cohols (Scheme 1).33 Although the resin could be regenerated and reused, the 
yield of reaction remained moderate and the addition of tert-butyllithium to the 
resin was required prior use.

The rearrangement of β-pinene epoxide into myrtanal is a second example 
of epoxide rearrangement. Historically, myrtanal has been isolated from natu-
ral products such as the roots of Greek Paeonia taxa and used as antiseptic. 
Synthetically it can be obtained from β-pinene oxide in moderate yield using 
solid catalysts such as aluminum oxides. More recently, both grafted zeo-
lites34 and MOFs35 were successfully employed as heterogeneous catalysts 
for the transformation. The results are presented in Table 4. Different metals 

SCHEME 1  Synthesis of allyl alcohols via epoxide rearrangement catalyzed by a modified 
Merrifield’s resin.

TABLE 4  Heterogeneous catalytic rearrangement of β-pinene epoxide into 
myrtanal.

Entry Catalyst/conditions Conversion (selectivity) (%) Ref.

1 Zr-Beta, acetonitrile, 56°C, 
120 min

99 (83) 34

2 ZrO-MCM41, acetonitrile, 
80°C, 120 min

98 (94) 35
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were incorporated into the network of zeolite beta by isomorphous substitution 
(Table 4, entry 1).34 After optimization of the reaction conditions, it was found 
that Zr-Beta in acetonitrile provided an optimum selectivity/activity balance. 
The zeolite was robust enough to be employed both in batch mode and in fixed-
bed fashion for several times without leaching.

Corma et al. studied and compared the activity of different zirconium Lewis 
acid sites grafted onto a mesoporous silicate (MCM-41) and zirconium sites 
incorporated into inorganic-organic MOF materials for the present reaction 
(Table 4, entry 2).35 Zirconium oxynitrate grafted onto MCM-41 was found to 
provide the highest catalytic activity and selectivity towards myrtanal and it was 
also recyclable in five consecutive cycles with minor loss of activity.

A similar epoxide rearrangement of stereoisomeric 2-methyl-3-phenyloxiranes 
was reported using a variety of heteropolyacids (Scheme 2).36, 37 Four commercially 
available heteropoly acids of Keggin structure were applied, and H3[PW12O40] was 
found to exhibit the best performance resulting in 100% yield and 100% selec-
tivity for the formation of the appropriate methyl ketone from both the cis and 
trans-epoxide. Although the high yield, exclusive selectivity and mild conditions 
describe a green reaction, the application of benzene as a solvent should be avoided 
as much as possible.

Although not strictly an epoxide rearrangement, it is worth mentioning a 
similar reaction of another cyclic, oxygen containing compound. The selective 
hydrogenation and rearrangement of a potentially biosourced and thus sustain-
able 5-hydroxymethylfurfural (5-HMF) to 3-hydroxymethyl-cyclopentanone 
(HCPN) was achieved by Zhang et al. using MOF-derived bimetallic nickel-
copper catalyst in aqueous medium.38 The authors reported that the combina-
tion of nickel and copper significantly enhanced the reaction providing nearly 
quantitative yield (> 99%) for the rearrangement products.

3.9.1.4  Ferrier rearrangement

The transformation of glycals (1,2-unsaturated cyclic carbohydrate derivatives) 
into 2,3-unsaturated glycosyl derivatives, the so called “Ferrier rearrange-
ment”, is a well-established reaction with many applications in the fields of 

SCHEME 2  Heteropoly acid (HPA)-catalyzed rearrangement of stereoisomeric 2-methyl-
3-phenyloxiranes.
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carbohydrate and organic chemistry.39 Layered α-zirconium sulfophenylphos-
phonate methanphosphonate was shown to catalyze the synthesis of Ferrier re-
arrangement products starting from glycals under mild reaction conditions in 
short time and good yields (Scheme 3).39 Interestingly, it was observed that 
combining the heterogeneous catalyst with lithium bromide changed the regi-
oselectivity of the process affording 2-deoxy sugars in good yields.

3.9.1.5  Johnson-Claisen rearrangement

The Claisen rearrangement is a carbon-carbon bond-forming intramolecular 
reaction occurring with an allyl vinyl ether to form a γ,δ-unsaturated carbonyl 
compounds. I2-SiO2 was shown to efficiently catalyze the stereoselective con-
versions of the Baylis-Hillman adducts to ethyl alk-4-enoates via the Johnson-
Claisen rearrangement by treatment with triethyl orthoacetate (Scheme 4).40

3.9.1.6  The ortho-Claisen-rearrangement

This rearrangement is a 1,3 O → C shift of the allyl group of phenol-allyl ethers from 
the phenolic O to the aromatic ring. It is an intramolecular transalkylation that can 
be applied for the preparation of 2-allyl-phenols.41 Solid acids such as zeolites, or 
Nafion-H silica nanocomposite are the most common catalysts for the reaction.32, 42 
The rearrangement favors the formation of 2-allylphenol only at low conversions; 
at higher conversions an intramolecular cyclization to 2-methyldihydrobenzofuran 
becomes the major product (Scheme 5A). In addition to this work, acidic Cs 
salts of phosphotungstic acid (H0.5Cs2.5[PW12O40] and its silica or MCM-41 
supported forms were also reported to catalyze the Claisen-rearrangement.43 X, 
Y, ZSM-5, and ZSM-11 zeolites also can initiate a photochemically activated  

SCHEME 3  Ferrier rearrangement of glycals to 2,3-unsaturated glycosyl derivatives catalyzed by 
layered α-zirconium sulfophenylphosphonate methanphosphonate.

SCHEME 4  Synthesis of ethyl alk-4-enoates from the Baylis-Hillman adducts via the Johnson-
Claisen rearrangement catalyzed by I2-SiO2.
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Claisen-rearrangement and result in the formation of allyl phenols (Scheme 5B). 
Some zeolites (KX, KY) resulted in 2-selectivity. In contrast, ZSM-5 zeolite favors 
the 4-isomer based on the shape selective character of ZSM-5.44

3.9.1.7  Benzylimine-benzaldimine rearrangement

Prakash et al. reported the Nafion-H-catalyzed rearrangement of benzylimines 
to the corresponding benzaldimines as a convenient, simple, and effective path-
way for the synthesis of fluorinated benzaldimines (Scheme 6).45 The reaction 
conditions were extensively optimized, including the application of microwave 
irradiation and flow chemistry. These technologies are becoming widely ap-
plied in heterogeneous catalytic reactions.46, 47 The authors described that the 
appropriate selection of the reaction temperature ensured that after the simple 
condensation the rearrangement occurred efficiently, making the aldimine the 
major product: at 164°C the benzylimine, and at elevated temperature (185°C) 
the aldimine was obtained as major product in moderate to excellent yields.

SCHEME 5  The ortho-Claisen rearrangement of phenol-allyl ethers catalyzed by Nafion-H silica 
nanocomposite (A) and zeolites (B).

SCHEME 6  Nafion-H-catalyzed synthesis benzaldimines from trifluoromethylketones and 
benzylamines.
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3.9.1.8  Pinacol rearrangement

The pinacol rearrangement48 is one of the oldest known rearrangements de-
scribed first by Fittig in 1860.49 The reaction has generated significant attention 
over time. A recent review provides an extensive summary of the developments 
from the early discovery to contemporary applications.50 The shift in applica-
tion of mineral acids toward environmentally more compatible solid acids ini-
tiated development in the heterogeneous catalytic applications of the pinacol 
rearrangement (Scheme 7).51, 52

The reaction can be catalyzed by a broad range of solid acids from hetero-
poly acids (HPAs),36, 37, 53, 54 pillared clays,55 zeolites,56 microporous polysilses-
quioxanes,57 silica-supported Lewis acids,58 or cordierite supported Mo(VI)/
ZrO2.

59 In general, several 1,2-diols, such as 2,3-butanediol, or hydrobenzoin 
undergo a pinacol style rearrangement to produce ketones or aldehydes.37 Based 
on the reports it appears that increasing acid strength favors the pinacol rear-
rangement, in contrast to somewhat weaker acids that produce a product mix-
ture with the diene as a major product.37, 55

3.9.1.9  Baeyer-Villiger oxidation

Finally, we mention the Baeyer-Villiger oxidation that is an oxidative rearrange-
ment of ketones or aldehydes to esters. Traditionally organic peracids were used 
as oxidizing agents. More contemporary applications consider other oxidizing 
agents that are greener and possess significantly higher atom economy, such 
as O2, H2O2, or organic alkyl hydroperoxides.60–62 Conventionally, the process 
used stoichiometric reagents, and later homogeneous and heterogeneous cata-
lytic approaches were introduced as well.63 Several representative heteroge-
neous catalytic protocols are highlighted in Table 5.

Table 5 indicates that the Baeyer-Villiger oxidation can be catalyzed by a 
wide variety of catalysts. These catalysts range from complexes supported on 
magnetic particles (Table 5 entry 1), organic assemblies supported by sustain-
able materials, such as chitin (Table 5 entry 2), silica-supported, moisture stable 
gallium triflate (Table 5 entry 3), tin immobilized on mesoporous silica (Table 5 
entry 4), a variety of zeolites doped with vanadium or tin (Table 5 entry 5), an 
enzyme immobilized on multiwalled carbon nanotubes (Table 5 entry 6), ion-

SCHEME 7  A general scheme of the pinacol rearrangement.
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TABLE 5  Heterogeneous catalytic Baeyer-Villiger oxidations.

Entry Substrate Catalyst/conditions Yield (%) Ref.

1 Substituted cycloalkyl ketones CoTaPc-Fe3O4/CTO, benzaldehyde, DCE, O2, 
15°C, 12 h

22–96 (conversion) 
selectivity > 99

64

2 Cyclic and bicyclic ketones, 
2-adamantanone

Supramolecular flavinium assemblies 
immobilized on sulfated chitin, 30% H2O2, 
tBuOH, 25–70°C, 3–24 h

72–97 65

3 2-Adamantanone Ga(OTf)3-SiO2, 60% aq. H2O2, 70°C, 1 h 70–94 recyclable cat. 66

4 2-Adamantanone Sn-MesoSB, 35% aq. H2O2, 3 h, 90°C 92–99 67

5 Cyclopentanone, cyclohexanone VO(L)H2O]‐Y zeolites or FAU type stannosilicate 
or [Sn(salen)]2 + exchanged NaY, 30% aq. H2O2 
or MeCN, 6–12 h, 70°C

42–80 22, 68–72

6 Substituted cycloalkyl ketones CALB immobilized on multiwalled carbon 
nanotubes, 30% aq. H2O2, toluene, 30°C 1–20 h

91–99 73

7 Cyclic ketones, heterocyclic 
methyl ketones

Magnesium-aluminium hydrotalcite, 30% aq. 
H2O2, 70°C, 6 h

64–100 (conversion), 
selectivity 54–100

74

CoTaPc-Fe3O4/CTO, cobalt-tetraamide-phthalocyanine (CoTaPc) immobilized onto magnetic Fe3O4 chitosan microspheres (Fe3O4/CTO); DCE, dichloroethane; Sn-MesoSB, 
tin-containing mesoporous silica beads; VO(L)H2O]‐Y zeolite, vanadium exchanged Y zeolite with Schiff base ligands; CALB, Candida antarctica lipase B.
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exchanged hydrotalcite (Table 5 entry 7), with other materials such as multi-
SO3H functionalized heteropolyanion-based ionic hybrids75 or a sulfonated 
Schiff base-dimethyltin(IV) coordination polymer76: Except one case (Table 5 
entry 1) when oxygen was used as the oxidant, hydrogen peroxide was the com-
mon oxidative reagent used. Although, oxygen from air is the greenest and most 
economic oxidizing agent, hydrogen peroxide also fulfills most green require-
ments, for example, the only byproduct is water. Although most reactions pro-
ceed with moderate to excellent yields and generally high selectivities, in most 
papers cycloheptanone, where it was investigated, appears to react very slug-
gishly, the yields for this substrate rarely reach 10%. The authors commonly 
note this fact, but do not comment on the reasons behind this phenomenon. In 
addition, most cases use truly green conditions, although occasionally some 
inappropriate components are also parts of the protocols. For instance, tolu-
ene, acetonitrile or dichloroethane are not green solvents and should be avoided 
whenever possible. It also appears that the activity of the catalysts was satisfac-
tory and most reactions took place at ambient temperature. Even the highest 
reaction temperature does not exceed 90°C. Overall, the heterogeneous cata-
lytic methods are reasonable choices to replace the traditional reagent-based 
protocols.

3.9.2.  Aldol and related reactions

3.9.2.1  The aldol reaction

The aldol reaction and related transformations are among the most important 
CC bond forming reactions. Being a well-known reaction, many catalytic 
methods have been reported to carry out these reactions in nonchiral as well 
as in an enantioselective way.77, 78 A large variety of heterogeneous catalytic 
systems have been used to catalyze the aldol reaction as listed below. The most 
common reaction is the reaction of substituted benzaldehydes with acetone or 
simple ketones. Representative reactions are tabulated in Table 6.

Amarasekaraa et  al. developed the solid acid catalyzed aldol dimeriza-
tion of levulinic acid for the preparation of C10 renewable fuel and chemical 
feedstock.83 The authors investigated the solid acid-catalyzed condensation of 
levulinic acid applying several solid acid catalysts: Amberlyst-15, SiO2-SO3H, 
Dowex50WX8, Carbon-SO3H, TiO2-SO3H, Al2O3-SO3H, H3PW12O40, and 
Nb2O5·H2O under neat conditions at 110–130°C. Tetrahydro-2-methyl-5,γ-
dioxo-2-furanpentanoic acid was reported as the major dimerization product of 
the reaction (Scheme 8). SiO2-SO3H provided the highest yield of the desired 
product. In a similar application, Ga2O3-doped sulfonated tin oxides or sulfated 
zirconia were applied for the aldol reaction of prenal and prenol for the synthe-
sis of citral.84
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TABLE 6  Heterogeneous catalytic aldol reaction of benzaldehydes with simple ketones and related compounds.

Entry Other substrate Catalyst/conditions Product Yield (%) Ref.

1 Acetone TMG/GO, 30°C, 1 h 27–99 high 
aldol selectivity

79

2 Cyclohexanone Supramolecular hydrogel, toluene, 5–25°C, 1 h 98–99 up to 
97:3 = anti:syn 
ratio

80

3 Acetone MCM-41-bound secondary amines, acetone, 50°C, 
6–20 h

5–97 81

4 Methyl isocyanoacetate Cu-network catalyst, THF, Ar atmosphere, 25°C, 1–6 h 95–99 (both 
cis/trans 
products)

82

TMG/GO, 1,1,3,3-tetramethylguanidine on graphene oxide.
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In addition to solid acids, solid-base catalysts are also applicable for the 
aldol reaction via optimizing the surface density and base strength of the amino 
groups immobilized on nanoporous silica.81

3.9.2.2  Mukaiyama reaction

The Mukaiyama reaction, a type of aldol reaction between a silyl enol ether 
and an aldehyde or formate, emerged as an efficient and stereoselective strategy 
to produce β-hydroxyketones. In the last decades, catalytic Mukaiyama aldol 
reactions were developed especially with lanthanides or rare earth salts as cata-
lysts. Heterogeneous catalysis was applied with the aim to further improve the 
environmental friendliness of these aldol reactions. Mesoporous materials with 
Lewis and Brønsted acid sites were employed for this purpose. Modified zeo-
lites,85 SBA-15,86 MCM-4187, 88 and sulfated zirconia89 or Sn-exchanged mont-
morillonite90 proved to be efficient heterogeneous catalysts for the synthesis of 
aldols via the Mukaiyama reaction (Table 7). They all exhibited the ability to 
convert a wide scope of substrates with good tolerance towards multiple func-
tional groups. It should be noted that the MCM-41-catalyzed reaction did afford 
lower yields of aldol from acetals than from aldehydes. The recyclability of all 
catalysts, except the sulfated zirconia, was investigated and conclusive: they 
were recyclable for several cycles without loss of activity.

3.9.3.  Condensations

3.9.3.1  Schiff-base formation

Condensation reactions are common transformations for the development of 
CC or CN-bonds.91 Although several types of reactions are included in this 
group, the most basic reaction is the formation of CN bonds or compounds 
traditionally called Schiff-bases.92 Schiff-bases are important compounds in 
many applications, from biological processes to flavoring agents.93, 94 The re-
action is an acid-catalyzed process, although there are reports on the reaction 
occurring with some substrates under catalyst-free conditions, particularly in 
multistep domino protocols when the Schiff-base would immediately undergo 
a secondary transformation.95, 96 A large number of solid acids, including clays, 
zeolites, ion exchange resins, metal-organic frameworks,97, 98 or sulfated metal 
oxides99 have been applied in this procedure and Table 8 only includes a few 
representative examples.

SCHEME 8  Solid acid-catalyzed dimerization of levulinic acid to tetrahydro-2-methyl-5,γ-dioxo-
2-furanpentanoic acid.
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TABLE 7  Heterogeneous catalytic Mukaiyama aldol reactions.

Entry Reactants Catalyst/conditions
Yield 
(%) Ref.

1 1-Methoxy-2-methyl-1-trimethylsiloxypropene with 
aromatic or aliphatic aldehydes

1,5,7-Triazabicyclo[4.4.0]dec-5-ene-functionalized 
SBA-15, solvent-free, 12 h

47–85 86

2 Various silyl enol ethers, benzaldehyde ScIII-zeolite, CH2Cl2, RT, 15 h 56–99 85

3 1-Trimethylsilyloxy-1-cyclohexene with various aldehydes Sulfated zirconia, CH2Cl2, RT, 36 h 54–96 89

4 Various aliphatic carbonyl with silyl enolates Al-MCM-41, CH2Cl2, 0°C or 30°C, 3 h 18–99 87, 88

5 Methyl-aryl and dialkyl ketones, silyl enolates Sn-exchanged montmorillonite, CH2Cl2, 0°C, 3 h 55–97 90

SBA, Santa Barbara Amorphous, a mesoporous silica.
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TABLE 8  Heterogeneous catalytic condensation of carbonyl compounds and in situ oxidized alcohols and amines with anilines and 
other primary amines.

Entry Ketone/amine Catalyst/conditions Product Yield (%) Ref.

1 Trifluoromethyl 
ketones/primary 
amines (benzyl, alkyl)

K-10, Nafion-H, solvent-free, 175°C, 45–60 min 53–95 45, 100

2 Substituted 
benzaldehydes/
hydroxylamine

Amberlite IR 120H, solvent-free, MW-120 W, 2–3 min 75–85 (the oxim 
dehydrates to 
nitril)

101

3 Heteroaromatic 
primary alcohols 
and benzyl alcohols/
anilines

Cu-MOF, or Cu-MOF/Au-Pd composite, TBHP, solvent-
free, 40°C, 1.45–2 h
γ-Al2O3-CeO2, flow reactor, 120–160°C
DVB-[MimLcy]n, TBHP, toluene, 120°C
Mesoporous Mn1ZrxOy, toluene, air, 120°C
CeO2, air, mesitylene, 30–100°C, 24–48 h

38–98 98, 
102–107

4 Mesitylene/anilines (CuOx-CeO2), air, 20°C, 24 h Low (4–10) 
yields but high 
selectivities

108

5 Benzyl amines K-10, solvent-free, or Cu-BTC (MOF-199) [copper(II)-
benzene-1,3,5-tricarboxylate], Cu-chitosan beads, MW, 
80–130°C, TBHP, 0.5–1.5 h

26–99 109–112

MOF, metal-organic framework; TBHP, tertbutylhydroperoxide; DVB-[MimLcy]n, poly(divinyl-benzene)-based l-cysteine-paired ionic copolymer.
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The K-10-catalyzed solvent-free microwave-assisted condensation of aryl 
trifluoromethyl ketones and different primary amines provided the correspond-
ing trifluoromethyl imines (Table 8, entry 1) in good to excellent yields. The 
conditions are mostly green, except the high temperature (175°C). Even the 
reaction times (45–60 min), that are long by microwave standards, are a sig-
nificant improvement to the traditional reaction that takes seven days at the 
same temperature. The catalyst could be reused without any loss of activity.100 
The method was successfully applied for the synthesis of chiral trifluoro-
methylamines via the diastereoselective hydrogenation/benzyl hydrogenolysis 
sequence.113

Another typical class of catalysts for the synthesis of Schiff-bases is the 
acidic ion exchange resins. The condensation of aryl aldehydes and hydroxyl-
amine was successfully achieved by Varghese et al. using Amberlite IR 120H 
(Table 8 entry 2).101 The reaction was carried out in a solvent-free manner and 
the products were obtained in high yields in only a few minutes reaction times. 
The catalyst was found recyclable four times with a negligible decrease in its 
activity. As another advantage, the protocol had excellent substrate tolerance. It 
should be noted that due to the application of hydroxyl amine in the condensa-
tion the product underwent a dehydration producing nitriles as final products.

Beyond the traditional combination of carbonyl compounds with primary 
amines to produce imines, a contemporary trend extends the scope of sub-
strates to alcohols, primarily to carbocyclic and heterocyclic benzyl-type alco-
hols (Table 8, entry 3). These alcohols first readily undergo an oxidation to the 
corresponding aldehyde, and then this aldehyde would react with the primary 
amine in a typical condensation reaction. Therefore, the catalysts that are ap-
plicable for this dual transformation must be bifunctional; they should be able 
to promote the oxidation as well as the condensation. A variety of catalysts 
were found to be excellent promoters of this two-step-one pot reaction, in-
cluding metal-organic frameworks, mixed metal oxides or surface bound metal 
complexes. A very recent paper describes the application Au nanoparticles 
(NPs) dispersed on MIL-101 (Au/MIL-101) for the amine-alcohol oxidation-
condensation reaction.114

In addition to the successive alcohol to aldehyde then condensation pro-
cesses, the scope of the reaction has been extended to hydrocarbons as well. 
It is well-known, that aromatic hydrocarbons with an aryl ring-bound methy-
lene group relatively easily undergo an oxidation on the benzylic CH positions. 
Tamura et al. described a similar reaction, using mesitylene in the presence of 
substituted anilines to generate imines (Table 8, entry 4).106 The reaction was 
catalyzed by CuOx-CeO2, mixed oxide that was able to oxidize mesitylene to 
the corresponding benzaldehyde, which immediately underwent condensation 
with the anilines in low yields, but high selectivities.

The above idea, namely the combination of oxidation and condensation reac-
tions could also be applied using benzylamines as well. Landge et al. success-
fully achieved the oxidative self-coupling of benzylamines to the corresponding 
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benzylidene benzylamines (Table  8, entry 5) by using a solvent-free K-10 
montmorillonite-catalyzed microwave-assisted process.109 It was suggested that 
in the first step the benzylamine underwent an oxidation to an unstable imine that 
immediately decomposed to benzaldehyde which reacted with the excess ben-
zylamine in a condensation to form the imines. Based on this hypothesis the au-
thors were able to extend the process to the oxidative coupling of benzylamines 
with anilines and aliphatic amines as well. Later the same group confirmed the 
mechanistic proposal by surface spectroscopy results.110 To extend the number 
of suitable catalysts for this reaction, Venu et al. reported that copper-containing 
metal-organic frameworks were also able to catalyze this oxidation/condensation 
sequence of benzylamines and other amines to produce Schiff bases.111

In addition to the above processes when the imine formation results in the 
final product of the reaction, Török’s group reported several multistep reactions, 
when the imine formation was only an intermediary step in the formation of 
several ring systems. In general, the reactions were based on the condensation 
of a NH2 group with a carbonyl or a carbonyl equivalent compound. Using the 
appropriate diketone or dimethoxy-tetrahydrofuran, the authors could achieve 
the synthesis of a broad variety of pyrrole derivatives, including N-alkyl-,  
N-aryl-, or N-sulfonyl pyrroles as well (Scheme 9).115–117

The same idea and very similar protocols could enable the synthesis of 
several N-heterocyclic compounds, such as quinolines,118, 119 pyrazoles,120–122  
β-carbolines,123, 124 benzodiazepines,125, 126 and other multicyclic compounds.127

Recent examples extend the scope of the starting materials to nitroben-
zenes and aldehydes under mild hydrogenative conditions. Li et al. described 
the multistep one-pot synthesis of imines from nitrobenzenes and biomass-
derived carbonyl compounds over nitrogen-doped carbon material supported Ni 

SCHEME 9  Heterogeneous catalytic synthesis of pyrrole derivatives via the condensation and cycli-
zation of amines/amides and carbonyl compounds.
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nanoparticles (Ni/CN-MgO-T). The reaction involved the reduction of the nitro 
group to amino and the subsequent condensation with the carbonyl.128

3.9.3.2  Knoevenagel condensation

The Knoevenagel condensation is a reaction between an active methylene group 
containing compound, usually malononitrile, a cyanoacetate, or diethyl malo-
nate, and a carbonyl compound, most commonly benzaldehyde and its substi-
tuted derivatives. It is a successive reaction of a nucleophilic addition of the 
active methylene compound to the carbonyl compound and a dehydration reac-
tion producing an α,β-conjugated enone or an α,β-unsaturated nitrile. Many im-
portant molecules can be produced via this transformation. Coumarins and their 
derivatives are typical examples, they are important intermediates in the syn-
thesis of cosmetics and pharmaceuticals, or other biologically active molecules 
such as tyrophostins.129 Commonly, the Knoevenagel reaction is catalyzed by 
weak bases such as piperidine or ethylenediamine under homogeneous condi-
tions.129 Recently, efforts have been made to develop heterogeneous catalytic 
reactions providing potential recyclability in addition to improved selectivity. 
Some representative heterogeneous catalytic examples and the conditions under 
which they were used to catalyze the Knoevenagel reactions are presented in 
Table 9.

All solid catalysts allowed the reactions to be performed under mild condi-
tions with the exception of the solvent-free solid base-catalyzed synthesis of 
cinnamic acid and coumarin derivatives (Table 9, entry 4).133 This work is also 
the only one reporting rather low yields explained by the formation of several 
by-products along with the condensation process leading to the desired prod-
ucts. Interestingly, it should be noted that the catalyst exhibits the properties of 
both a base and an acid.

Although some reactions are performed in green solvents as water or ethanol 
(Table 9, entries 1, 2, and 7), some others are conducted in undesirable solvents 
such as toluene or benzene (Table 9, entries 3, 5, and 6). The Mn salen complex-
driven reaction required toluene as the solvent in order to create heterogeneous 
conditions by rendering the catalyst insoluble in this specific medium (Table 9, 
entry 3).132 The reaction, catalyzed by an amide-functionalized polymer could 
be performed under solvent-free conditions with excess amount of the reagent 
benzaldehyde producing similar results (Table 9, entry 6).

Concerning the preparation of the catalysts, the sulfonic acid-functionalized 
silica-coated Fe3O4 nanoparticles were prepared according to a facile protocol 
consisting of mixing a chlorosulfonic acid to a solution of Fe3O4/SiO2 (Table 9, 
entry 1).130 The grafted silica also entailed a simple method of preparation 
involving diamine derivatives or polyethylenimine, (3-glycidyloxypropyl)-
trimethoxysilane and activated silica (Table 9, entry 2).131 The resulting mate-
rial contained primary amine and other amine groups that work in cooperation 
to provide high activity. Similarly, the synthesis of the Hf(IV) MOF was 
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TABLE 9  Heterogeneous catalytic Knoevenagel condensation reactions.

Entry
Methylene 
compound Catalyst/conditions Product Yield (%) Ref.

1 Solid base derived from hydrotalcite, solvent-free, 
160ºC, 24 h

30–39 130

2 Mn(III) salen complex, toluene, RT, 1–14 h 50–99 131

3 Fe3O4/SiO2-SO3H, water, RT, 35–125 min 87–95 132
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4 Silica grafted polyethylenimine, EtOH, 43°C, 1–5 h 84–99 131, 133

5 MOF (Hf(IV)), EtOH, RT, 4 h 56–99 134

6 ZIF-9, toluene, RT, 6 h 90–99 135

7 Polymer functionalized with amide groups {[Cd(4-
btapa)2(NO3)2].6H2O.2DMF}n benzene, RT, 12 h

98 136

MOF, metal organic framework.
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prepared in one step by mixing formic acid with HfCl4 and the linker H2BDC-
N2H3 (Table 9, entry 7).136 A solvothermal method was selected for the rapid 
preparation of zeolite ZIF-9 from cobalt nitrate hexahydrate and benzimidazole 
(Table 9, entry 5).134 In contrast, the solid base catalyst derived from hydro-
talcite as well as the amide functionalized polymer catalysts required more 
complex synthetic strategies (Table  9, entries 4 and 6).133, 135 Both of them 
necessitated the preparation of catalyst precursors or ligands prior to the ac-
tual synthesis of the catalyst. The multistep preparation of precursors Mg/Al, 
Mg-Al + Ln (Ln = Dy, Gd) layered double hydroxides (LDHs) and Li/Al LDHs 
was necessary before reaching the final calcination step affording the mixed ox-
ides catalyst.133 Similarly, several steps led to the formation of the tridentate am-
ide ligand (4-btapa—1,3,5-benzenetricarboxylic acid tris[N-(4-pyridyl)amide]) 
serving as the three-connector part essential for building the three dimensional 
highly porous coordination polymer (Table 9, entry 6).135

All catalysts, except the solid base and the silica-grafted polyethylenimine, 
exhibited good recovery and recyclability.

3.9.3.3  Pechmann condensation

The Pechmann condensation is a useful organic transformation producing cou-
marins from a phenol and a carboxylic acid or an ester containing a β-carbonyl 
group. The reaction, commonly catalyzed by an acid, involves an esterifica-
tion/transesterification followed by a hydroxyalkylation of the aromatic ring by 
the keto group. Traditionally, the Pechmann condensation is often performed 
in the presence of excess amount of concentrated sulfuric acid, trifluoroacetic 
acid, or aluminum chloride. Heterogeneous catalysts present many advantages 
over these corrosive acids; they are used in catalytic amounts, notably less toxic 
and generate minimal amount of waste when they are successfully recycled. 
Representative examples for the synthesis of coumarins by heterogeneous cata-
lytic Pechmann condensation are tabulated in Table 10.

The xanthan sulfuric acid-catalyzed Pechmann reaction is one of the sim-
plest and most efficient methods. It produced coumarins from various substi-
tuted phenols and ethyl acetoacetates under solvent-free conditions, at room 
temperature and in short reaction times (Table 10, entry 1).137 The catalyst was 
recyclable in four consecutive cycles. It was also demonstrated that tungsto-
phosphoric acid (TPA) or molybdophosphoric acid (MPA) supported on silica 
are suitable catalysts for the synthesis of 4-methyl-5,7-dimethoxycoumarin 
(Table 10, entry 2). The use of microwave activation not only reduced the reac-
tion times to only a few minutes, it also increased the yield to above 90%, mak-
ing this solvent-free method remarkably efficient.138 In fact, the results obtained 
were superior to the conventional sulfuric acid-based method. The Pechmann 
reaction of resorcinol with ethyl acetoacetate over Amberlyst-type catalysts 
afforded 7-hydroxy-4-methylcoumarin in high yields and reasonable reaction 
times (Table 10, entry 3). The temperature employed, however, was higher than 
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that in the aforementioned methods. Nonetheless, the major advantage of these 
catalysts is their remarkable recyclability with a decrease in yield correspond-
ing to 1%–2% only after each cycle upon regeneration of the resin in refluxing 
toluene.139

Alumina-supported MoO3 is another efficient heterogeneous catalyst for the 
synthesis of various coumarins (Table 10, entry 4).140 The reaction was performed 
under solvent-free conditions at 150°C. The solid catalyst was recyclable in three 
cycles without loss of activity. The catalytic behavior of the MOFs Cu-benzene-
1,3,5-tricarboxylate (CuBTC) and Fe-benzene-1,3,5-tricarboxylate (FeBTC) 
and zeolites beta (BEA) and ultrastable Y (USY) was also investigated in the 
Pechmann condensation of various phenols with ethyl acetoacetate under identi-
cal conditions (Table 10, entries 5, 6). Significantly different behavior was ob-
served for each catalyst type depending on the activation of the substrates. While 
zeolites were highly active for the transformation of the most active substrates 
(resorcinol and pyrogallol), they were inefficient for the conversion of naphthol. 
To the contrary, the MOFs converted naphthol almost quantitatively and were 
inactive towards resorcinol. It is believed that the presence of two active centers 

TABLE 10  Synthesis of coumarins by heterogeneous catalytic Pechmann 
condensation reactions.

Entry Catalyst/conditions Yield (%) Ref.

1 Xanthan sulfuric acid, solvent-free, RT, 
20–30 min

88–96 137

2 H3PW12O40/silica, solvent-free, MW, 70°C, 
4–10 min

95–99 138

3 Amberlyst-S, toluene, 120°C, 2 h 95 139

4 MoO3/Al2O3, solvent-free, 150°C, 30–240 min 60–97 140

5 Zeolites BEA or USY, PhNO2 130 ºC, 23 h. 12–83 141

6 CuBTC or FeBTC MOFs, PhNO2, 130°C, 23 h 2–91 141

7 ZrPW, 12-TPA/ZrO2, 130°C, 30 min 38–66 142

8 PVPP-BF3, ethanol, reflux, 2–3 h 76–96 143

ZrPW, zirconium(IV) phosphotungstate); 12-TPA/ZrO2, 12-tungstophosphoric acid (12-TPA) supported 
onto ZrO2; BTC, benzene-1,3,5-tricarboxylate; ZrPW, zirconium(IV) phosphotungstate; 12-TPA/ZrO2, 
tungstophosphoricacid supported on ZrO2; PVPP-BF3, polyvinylpolypyrrolidone-supported boron 
trifluoride.
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in close proximity within the regular structure of the framework is of key impor-
tance for the transformation of naphthol to the Pechmann product.141

Immobilized heteropoly acid-based solid acid catalysts, ZrPW (zirconium(IV) 
phosphotungstate) and 12-TPA/ZrO2 [12-tungstophosphoricacid (12-TPA) sup-
ported on ZrO2] have been prepared and applied in the Pechmann condensation 
as a test reaction converting phenols and methyl acetoacetate to coumarins un-
der solvent-free conditions using conventional heating or microwave irradia-
tion, which afforded similar yields in shorter reaction times (Table 10, entry 
7).142 Although the catalyst provided the product in moderate to good yields, the 
ZrPW catalyst showed outstanding recyclability with no decrease in its activity 
in three consecutive reactions, although a loss of activity was observed when 
ZrPW was not regenerated by an acid treatment after each cycle. In contrast, the 
other two samples exhibited gradually declining activity over three reactions.

The applications of polyvinylpolypyrrolidone-supported boron trifluoride 
(PVPP-BF3) provided good to excellent yields in the typical Pechmann conden-
sation of substituted phenols with ethyl acetoacetate (Table 10, entry 8).143 In 
addition to the excellent performance, the catalyst could be regenerated easily 
by a simple washing, and reused. It also retained its activity after several months 
of storage. A similar catalyst, polyvinylpolypyrrolidone-supported copper io-
dide (P4VPP-CuI) was prepared by an independent group and showed nearly 
identical performance.144

3.9.3.4  Aldol condensation

The aldol condensation is a reaction between an enol or an enolate ion with a 
carbonyl compound to form a β-hydroxyaldehyde or β-hydroxyketone which 
often lead to a conjugated enone upon dehydration. The resulting products find 
great applications notably as fine chemicals. Commonly, the reaction is cata-
lyzed by strong bases such as sodium hydroxide.145 Environmentally friendly 
solid acid catalysts are also being developed to produce a wide range of aldol 
condensation products while meeting the environmental standards.146 The avail-
ability of a broad range of heterogeneous catalysts with unique properties make 
possible the adjustment of the catalyst depending on the reaction requirements. 
However, the design of catalyst that promotes both selectivity and reaction rate 
still remains a challenge. Several representative examples for heterogeneous 
catalytic aldol condensation are described in Table 11.

Jasminaldehyde, an α-n-amylcinnamaldehyde, both widely used as a fra-
grance in the perfume industry, can be obtained by the aldol condensation 
of heptanal with benzaldehyde. The corresponding heterogeneous synthetic 
process has been extensively studied with various catalysts. Carboxylic acid-
incorporated monodisperse microparticles, prepared by an original synthesis 
relying on a UV-induced photopolymerization, was applied for the synthesis 
of jasminaldehyde (Table 11, entry 1). Despite a good selectivity, it showed 
poor activity leading to only 10% yield.147 Yet, it was reported that the COOH-
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TABLE 11  Heterogeneous catalytic aldol condensation reactions.

Entry Aldehyde/ketone Catalyst/conditions Product Yield (%) Ref.

1 Benzaldehyde/heptanal Carboxylic acid-incorporated monodisperse 
microparticles, solvent-free, 120°C

10 147

2 Benzaldehyde/heptanal Aluminophosphate, solvent-free, 120°C, 3 h 83 148

3 Substituted benzaldehydes/heptanal p-Toluene sulfonic acid MCM-41, solvent-free, 
125°C, 13 h

60–90 149

4 Benzaldehyde/heptanal Chitosan, solvent-free, 160°C, 8 h 88 150

5 Formaldehyde/acetic acid and methyl 
ester

Zeolite H-ZSM-35, solvent-free, 350°C, 4 h 61 151

6 Benzaldehyde/acetone MgAl hydrotalcite, solvent-free, 0°C 85 152

7 Substituted benzaldehydes/cycloalkyl 
ketones

Carbon-based solid acid, solvent-free, 70°C, 
65–120 min

85–97 153

Continued
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TABLE 11  Heterogeneous catalytic aldol condensation reactions—cont’d

8 Cyclopentanone, cyclohexanone, 
acetophenone

NMSDSA, water, reflux, 14–25 min 88–95 154

9 Substituted benzaldehydes/cycloalkyl 
ketones

Sulfated zirconia, solvent-free, MW, 120–
140°C, 20 min

79–99 155

10 Furfural/acetone MgOZrO2, water, 120°C, 24 h or MgGa mixed 
oxides and reconstructed hydrotalcites, 50°C

Up to 80 
(carbon 
yield)

156, 
157

11 Furfural, benzaldehyde La3 +-organic zeolite, water, 25°C, 20–85 h > 95 158

12 Benzaldehydes/acetophenones B(OH)3 (20 mol%), solvent-free, MW, 160°C, 
40 min

58–75 159

KSF montmorillonite, solvent-free, MW, 150°C, 
60 min

43–97 160

NMSDSA, nanometasilica disulfuric acid.

Entry Aldehyde/ketone Catalyst/conditions Product Yield (%) Ref.
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containing microparticles provided higher selectivity than the more conven-
tional zeolite H-beta catalyst. An amorphous aluminophosphate catalyst 
exhibited both high rate and selectivity for the synthesis of jasminaldehyde 
(Table 11, entry 2). The catalyst is a special material of amphoteric charac-
teristics; it contains both acid and base centers. Thus, the reaction seems to 
occur through a bifunctional mechanism that involves the activation of benz-
aldehyde, by protonation-polarization of the carbonyl group on the acid sites, 
and the attack of the enolate heptanal intermediate generated on the basic 
sites.148 MCM-41 supported p-toluene sulfonic acid, prepared by impregnation 
method, was also remarkably efficient for the synthesis of jasminaldehyde and 
related compounds (Table 11, entry 3).149 It resulted in complete conversion of 
the starting materials and high selectivities of the product. In addition, it was 
recyclable in five cycles with no appreciable loss of activity. Another origi-
nal bio-sourced catalytic material, modified chitosan, afforded similar results 
(Table 11, entry 4); 100% conversion and 88% selectivity under solvent-free 
conditions at 160°C.150

Methyl acrylate and acrylic acid, widely used in the manufacturing of paints, 
coatings, and adhesives and currently produced by a two-step process, were pre-
pared in a one-step aldol condensation reaction over H-ZSM-35 zeolite catalyst 
(Table 11, entry 5).151 The optimum yield obtained was 61% with a selectivity 
of 88% at 350°C. Although the catalyst has potential applications at the indus-
trial scale, it requires high temperatures to be active compared to most solid 
acid catalysts that are used for aldol condensation and operate below 150°C. In 
addition, the reactivation of the zeolite catalyst, although it may be performed, 
occurs at high temperature of calcination.

The condensation of benzaldehyde and acetone gives rise to β-aldol or 
benzalacetone after dehydration. The applicability of modified Mg-Al hydro-
talcites were investigated for the selective synthesis of β-aldol (Table 11, entry 
6).152 The highest yield of the desired product was observed after specific ac-
tivation of the solid catalyst entailing a calcination step at 450°C, followed by 
a rehydration step with water vapor at room temperature. The necessity of a 
hydration step indicates an aldolization mechanism driven by the presence of 
basic sites (OH−), which corroborates with the proposed mechanism for com-
mon basic catalysts.

A wide variety of α,β-unsaturated carbonyl compounds, useful as precursors 
of biologically active molecules, can be synthesized from aromatic aldehydes 
and ketones with different sulfonated solid catalysts. A carbon-based solid acid 
catalyst demonstrated excellent performance under mild conditions with broad 
functional group tolerance (Table 11, entry 7).153 Although the catalyst is highly 
efficient and recyclable, its synthesis has a nonnegligible impact on the environ-
ment. It is obtained by heating aromatic compounds in sulfuric acid at 390°C; 
the resulting sulfonated hydrocarbons are incompletely carbonized, and the 
final solid material consists of small polycyclic aromatic carbon sheets with 
attached SO3H groups.161 In addition to the harsh conditions, the total yield 
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of the synthesis is only about 55%. Similar aldol condensation products were 
synthesized in the presence of nanometasilica disulfuric acid in refluxing wa-
ter (Table 11, entry 8)154 or sulfated zirconia in solvent-free, microwave-driven 
conditions at 120–140°C (Table  11, entry 9).155 The same comments can be 
made about the excellent activity of these catalysts with significant environ-
mental drawbacks caused by the harsh conditions employed for their synthesis.

The aldol condensation can also be applied to biomass derived compounds 
such as furfural and 5-hydroxymethylfurfural to produce useful intermedi-
ates easily converted to liquid alkanes (Table  11, entry 10). A bifunctional  
Pd/MgO-ZrO2 catalyst was developed for the cross aldol-condensation of these 
compounds with acetone resulting in formation of water-insoluble monomer 
(C8–C9) and dimer (C13–C15) subsequently hydrogenated with the aid of the 
Pd component in the same batch reactor to form water-soluble products. The 
yields reported correspond to the overall carbon yield. The selectivity is highly 
dependent on the molar ratio of the two reactants.156 It is noteworthy that the 
catalyst can be regenerated after a calcination step at high temperature, without 
which the recycling is not possible.

Dewa et  al. reported a La3 +-ion exchanged organic zeolite as a catalyst 
for aldol reactions in water. The major advantages of the catalyst are its stable 
behavior during hydrolysis, in addition to its microporosity allowing revers-
ible substrate prebinding and activation in an enzyme-mimetic fashion. As a 
result, benzaldehyde and furfural were converted to the respective enone and di-
enone (after aldol and concomitant dehydration reactions) in quantitative yield 
(Table 11, entry 11).158

Brun et al. reported the synthesis of chalcone derivatives via the aldol con-
densation of substituted acetophenones with benzaldehydes. The authors applied 
boric acid as a catalyst, which was used under microwave-assisted solvent-free 
conditions (Table 11, entry 12).159 Due to the solvent-free nature of the reaction 
and the low solubility of the catalyst in the reactant mixture the transformation 
was heterogeneous catalytic. The chalcones were obtained in medium to good 
yields with nearly exclusive E stereoselectivity. The product isolation involved 
only a simple extraction step providing the product mixture in a pure form. 
In an alternative protocol using the same substrates, KSF montmorillonite was 
employed as a well-known, commercially available solid acid (Table 11, entry 
12).160 The chalcones were isolated in medium to good yields. The substrate 
tolerance is limited to electron donating substituents, the presence of electron 
withdrawing substituents decreased the yields.

Based on the above examples, it appears that heterogeneous systems are 
generally applicable to synthesize various useful aldol condensation products. 
However, many of these catalysts promote the aldol condensation reactions at 
high temperatures and they sometimes suffer from selectivity issues. In addi-
tion, the deactivation of the catalyst is commonly observed, which explains the 
need for a reactivation step or the observed poor recyclability.
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3.9.4.  Hydrolysis

3.9.4.1  Hydrolysis of cellulose

Cellulose, the most abundant component of biomass, has emerged as an al-
ternative feedstock to petroleum-based raw materials. Significant efforts have 
been made to develop strategies utilizing lignocellulosic materials by accessing 
useful, smaller units from the long, interconnected polymeric chains.162 Due 
to the complex structure of cellulose, composed of fibrils that are based on  
β-1,4-glycosidic bonds of d-glucose units and are connected to one another by 
hydrogen bonding, breaking it down still remains a challenge. Enzymatic hy-
drolysis, that is generally considered green, is a possible approach. In spite of 
the high selectivity and mild reaction conditions provided, enzymes can hardly 
access the core of cellulose to initiate degradation and thus, harsh pretreatments 
are required. The application of solid acids constitutes another environmentally 
friendly approach that can produce useful building blocks from cellulose with-
out any pretreatment. Solid acids such as sulfonated carbonaceous material-
based acids, polymer-based acids, and magnetic solid acids notably have been 
used for the production of glucose from cellulose.163–167 The hydrothermal sta-
bility combined with the strong acidity of SO3H functional groups make these 
sulfonated materials the catalysts of choice for the conversion of cellulose into 
glucose. Representative data are tabulated in Table 12.

TABLE 12  Heterogeneous catalytic conversion of cellulose to glucose over 
solid acid catalyst.

Entry Catalyst/conditions Yield (%) Ref.

1 Sulfonated carbon, 24 h, 150°C 74 163

2 Sulfonated activated carbon, 
24 h, 150°C

40 164

3 Carbon sulfonated, 100°C, 6 h 64 165

4 Sulfonated silica-carbon 
nanocomposite, 24 h, 150°C

50 166

5 Silica-magnetite mesoporous 
solid acid, 150°C, 3 h

25 167
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The highest yield of glucose was obtained with sulfonated carbon at 150°C 
in a 24 h reaction (Table 12, entry 1).163 It was observed that the sulfonation pro-
tocol of the carbonated material had a significant influence on the activity and 
selectivity of the catalyst, the optimum conditions being 250°C for 24 h. Other 
factors having an effect on the catalytic activity include carbon sources and 
carbonization method. As an evidence, a similar but differently prepared sulfo-
nated activated carbon catalyst employed under the same aforementioned con-
ditions provided only moderate yield of glucose (Table 12, entry 2).164 Another 
sulfonated carbon catalyst provided 64% of desired product, it was, however, 
prepared at a higher temperature of 400°C (Table 12, entry 3).165 A sulfonated 
silica-carbon nanocomposite achieved a yield of glucose comprised in the same 
range as the results obtained with other carbon-based catalysts (Table 12, en-
try 4).166 The catalyst owes its activity partially to the hybrid surface structure 
constituted by interpenetrated silica and carbon components. Lastly, a silica-
magnetite mesoporous solid acid offered 25% of yield after 3 h of reaction time. 
Although the yield is significantly lower than the performance of the carbonated 
catalysts, the advantage of silica-magnetite-driven reaction lies in the ease of 
separation and subsequent reuse of the solid acid (Table 12, entry 5).167 Also, 
the yield remains superior to the performance of most zeolites. It must be noted 
as a further benefit of this protocol, that the synthesis of the catalyst does not 
involve harsh reaction conditions and uses starting materials sourced from bio-
mass saccharification and levulinic acid production.

3.9.5.  Introduction and removal of protecting groups

The protection/deprotection of sensitive functional groups is a commonly ap-
plied strategy in multistep synthesis.168–171 According to the Green Chemistry 
principles, this step should be avoided as much as possible, however, the use of 
protecting groups is often unavoidable when carrying out reactions on complex 
molecules. When the use of protecting groups cannot be eliminated from the 
synthesis design, the alternative is the development of green protection/depro-
tection methods to decrease the impact of these auxiliary steps on the envi-
ronment. The application of heterogeneous catalysis in protection/deprotection 
chemistry is one of the current trends to address this issue.172 One of the most 
common deprotection methods is the application of heterogeneous catalytic hy-
drogenolysis to remove for example benzyl, allyl, or Cbz protecting groups. The 
hydrogenative removal of hydrogenation sensitive groups have already been 
discussed in detail in this book, in Chapter 3.2 Hydrogenolysis. Thus, here we 
will focus on other available methods.

The application of heterogeneous catalysis for the protection of hydroxyl, 
thiol, and carboxylic acid groups is one of the most frequent approaches.173 The 
formation of cyclic acetals is a common strategy for the protections of both hy-
droxyl- as well as carbonyl groups. The acid-catalyzed condensation of glycerol, 
a multimillion ton by-product of biodiesel formation and a renewable chemical, 
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with carbonyl compounds such as benzaldehyde, formaldehyde, acetone, and the 
transacetalization using benzaldehyde and formaldehyde acetals, respectively, 
was reported by Deutsch et al.174 The authors applied several solid acids, such 
as Amberlyst-36, Nafion-NR-50, H-BEA zeolite and K-10 montmorillonite for 
the conversion of glycerol to novel [1,3]dioxan-5-ols and [1,3]dioxolan-4-yl-
methanols that are of particular interest as precursors for 1,3-propanediol deriva-
tives (Scheme 10). The yields were moderate to excellent for the mixture of the 
two products, the six membered dioxan forming in higher amount.

The acid-catalyzed tetrahydropyranylation of alcohols is another commonly 
used method to avoid the undesired transformations of alcohols. Heteropolyacids 
were found to be excellent catalysts for the protection and deprotection of hy-
droxyl compounds with tetrahydropyrane (THP).37, 175 The addition of the OH 
group to THP occurred with excellent yields in very short times using open-
chain and cyclic aliphatic alcohols and phenol (Scheme 11a). The deprotection 
reaction could be carried out with the same HPA catalysts under mild condi-
tions. Although the reaction time range is the same for both reactions in the 
Scheme, the protection reactions occurred mostly in 30 min, only tetrahydrofur-
furyl alcohol and tert-amylalcohol required more time (2 and 4 h). In contrast, 
only two substrates were deprotected in 30 min, most deprotections required 4 h 
to be complete (Scheme 11b).

SCHEME 10  Acetalization and transacetalization of glycerol with carbonyl compounds catalyzed 
by solid acids.

SCHEME 11  Heteropolyacid (HPA)-catalyzed protection (a) and deprotection (b) of alcohols via 
tetrahydropyranylation.
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The selective protection of hydroxyl groups is particularly important in carbo-
hydrate chemistry.176, 177 The protection of diols via their reaction with acetone, 
namely the formation of acetonides is one of the most common reactions in the 
protection of carbohydrate derivatives. Thus, the selective removal of the aceton-
ide group has been attracting extensive attention. Chari and Syamasundar reported 
a selective protocol for the removal of the acetonide group from the side chain 
of carbohydrates while the similar protective group remains in place on the ring 
(Scheme 12).178 Other acid labile protecting groups (labeled as R in the scheme), 
such as tert-butyldimethylsilyl (TBDMS) or tetrahydropyranyl ether (THP) re-
mained stable under the reaction conditions. Many other functionalities such as 
OMe, OBn, OBz, NHBoc, and OAc were also compatible with this protocol.

There are several other catalysts that were developed for a similar purpose, 
namely for the protection or deprotection of hydroxyl groups. These catalysts 
include magnetic Fe3O4-supported samples, such as sulfated zirconia (Fe3O4@
ZrO2/SO4

2 −)179 or a rhodium compex (CpRu(h3-C3H5)(2-quinolinecarboxylato)]
PF6@ Fe3O4@SiO2).

180

Hydroxyl, thiol, or amino groups are not the only functional groups that 
would need protection under certain reaction conditions. Ketones and aldehydes 
are also reactive groups and when part of a complex system, they have to be 
protected from undergoing undesired side reactions. The chemoselective protec-
tion/deprotection of aldehydes was reported by Datta and Pasha (Scheme 13).181 
The authors applied acetyl chloride as a protecting agent to prepare acylals from 
the aldehydes using a heterogeneous silica chloride catalyst. Both the protection 
and deprotection reactions occurred under mild conditions with good to excellent 
yields. Similar to the hydroxyl group, several other catalysts have been devel-
oped for the selective protection/deprotection of carbonyl compounds as well. For 
example, a ruthenium(III)-polyvinyl pyridine (RuPVP) complex was prepared 
and successfully applied for the chemoselective protection of aldehydes,182 or 
a polystyrene divinyl benzene sulfonic acid (SPS) was developed for the che-
mospecific protection of only one of two identical carbonyls in 2,2-dialkyl-1,3-
cyclohexanedione and the chemoselective protection of aliphatic or aromatic 
carbonyls in the presence of conjugated carbonyls.183 Another example is ferric 
sulfate (Fe2(SO4)3 × H2O) that appeared to deprotect 1,1-diacetals to aldehydes.184

SCHEME 12  Heterogeneous catalytic chemo- and regioselective deprotection of acetonides.
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3.9.6.  Hydroformylations

The synthesis of aldehydes via hydroformylation of alkenes with carbon mon-
oxide and hydrogen is one the most extensive large scale processes in the 
chemical industry.185, 186 First described by Roelen in 1938, the transformation 
traditionally achieved the functionalization of CC bonds by organometallic 
complex catalysis.187 Despite its versatility and frequent use in the pharmaceu-
tical and agrochemical industries, the formation of undesirable by-products by 
the isomerization of the olefin or the formation of hydrogenated products result 
in continued challenges for process chemists and engineers.188 The application 
of stable chemo-, regio-, and stereoselective heterogeneous catalysts offer new 
ways to improve hydroformylation reactions. Several recent representative ex-
amples are collected in Table 13.

In agreement with literature reviews, the most common catalytic metal for 
hydroformylation in the above applications is Rh (Table 13, entries 1–7).207–211 
However, due to the high cost of Rh, efforts have been made to find alternative, 
more economic metals. The three examples that were used either individually in 
various forms, or as an additional metal in Rh-M bimetallic catalysts (Table 13, 
entries 3, 6) are Fe, Ni, and Co. The Fe(III)-urea formed composite material 
(FeOCN, Table  13, entry 4), the Co/SiO2 sample (Table  13, entry 7), or the 
Fe-Ni and the Rh-Co bimetallic catalysts (Table 13, entry 6), provided reason-
able yields for the products but were somewhat less effective than the other Rh 
catalysts. The other tendency that the analysis of recent papers reveals is the 
use of a variety of supports on which Rh as catalytic metal, was immobilized. 
In addition to the traditional support materials such as SiO2 or Al2O3 (Table 13, 
entries 1,5), a broad variety of supports were applied in catalyst preparation. 
The most studied group is that of various polymeric materials (Table 13, en-
tries 2–4); the catalysts mostly produced excellent yields up to the quantita-
tive formation of the aldehydes. Metal oxides, such as MgO, ZnO, CeO2 are 
also commonly applied (Table 13, entries 3,6). There are examples, using sup-
port materials that have only been recently introduced to serve in this capacity, 
such as reduced graphene oxide (RGO), TiO2 nanotubes (TNT), sulfated carbon 
nitride (S-g-C3N4), or a zeolite organic framework (ZIF-8) (Table 13, entries 
3,4,5,7). Rh is mostly applied as traditional crystallites, nanoparticles or in the 
form of single atom catalysis.

SCHEME 13  Protection/deprotection of aldehydes with acetic anhydride catalyzed by silica 
chloride.
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TABLE 13  Heterogeneous catalytic hydroformylation of alkenes.

Entry Alkene Catalyst/conditions Product Yield (%) Ref.

1 Various alkenes with 
alcohols

Rh/SiO2, CO/H2 (4 MPa), 120°C, 8 h 95 189

2 Symmetrical and 
unsymmetrical alkynes

Rh/POL-BINAP-PPh3, CO/H2 (5.5 bar), toluene, 70°C, 
20 h

90 190

3 Alkenes Porous polymer-immobilized Rh complexes or single 
atom Rh, CO/H2 (4.8 bar), toluene, 75°C, 30 min
Rh/S-g-C3N4, CO/H2 (6.0 MPa), toluene, 100°C, 3 h
Rh-Co bimetallic catalyst, Rh/ZnO50@ZIF-8, Rh single 
atom catalyst on MgO and CeO2

50–99 191–
199

4 1-Octene Rh NPs@TPBD, CO/H2 (2 MPa), toluene, 60–120°C, 
5 h
FeOCN composite, CO/H2 (50 bar), toluene, 95°C,

Up to 30 n/
iso = 2.5

200, 
201
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5 Styrene, 
2‑ethyl‑5‑(prop‑1‑enyl)
thiophene, 
2‑allyl‑5‑ethylthiophene

0.18% Rh/Al2O3, CO/H2 (4 MPa), toluene, 80°C, 20 h
Rh/B-TNT, CO/H2 (6 MPa), toluene, 80°C, 20 h

79–99 (sum of 
isomers)

202, 
203

6 Ethane and CO2 Dual catalyst bed: (1) Fe3Ni1/CeO2 (600–800°C), (2) 
RhCox/MCM-41 (200°C), flow system

Up to 50 204

7 1-Hexene Co/SiO2, CO/H2 (5 MPa), toluene, 100°C, 5 h
Rh/RGO, CO/H2 (5 MPa), toluene, 70°C, 1 h

30–61 205, 
206

Rh/POL-BINAP-PPh3, rhodium-loaded porous polymer-based organic catalyst; Rh NPs@TPBD, phosphine-contg. porous polymer (TPDB) immobilized Rh nanoparticles (NPs);  
Rh/S-g-C3N4, sulfated carbon nitride supported rhodium particles; Rh/ZnO50@ZIF-8-Rh-ZnO in zeolitic imidazolate framework-8 (ZIF-8); Rh/B-TNT, boron modified Rh 
nanoparticles immobilized on TiO2 nanotubes; RGO, reduced graphene oxide.
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In addition to the reaction studies, reports discussing the mechanistic as-
pects, such as kinetics, surface transformations, interfacial phenomena, etc. of 
heterogeneous catalytic hydroformylations are also available.212–214

3.9.7.  Conclusions and outlook

In this chapter recent advances achieved in the fields of rearrangements, as well 
as several other reactions, that were not part of the other chapters in this book, 
were surveyed in the 1996–2021 period. This separate treatment was due to the 
often mixed nature of these transformations, for example oxidation and rear-
rangement (Baeyer-Villiger oxidation) or simply they did not fit into the other 
reaction groups. The importance of these processes is unambiguous, many of 
them are large scale industrial processes (hydroformylation, condensations, 
Beckmann rearrangement) and/or regularly applied in laboratory practice such 
the protection/deprotection or hydrolysis. Due to the large number of publica-
tions available in several areas, we have refrained from providing an exhaustive 
list of references and rather focused on mentioning representative examples for 
these transformations. Based on the literature data, it is reasonable to predict, 
that these transformations will remain important tools in the green and sustain-
able synthesis toolbox.
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Chapter 3.10

Asymmetric synthesis by solid 
catalysts

3.10.1  Introduction

Although the phenomenon of chirality has been observed in the early 1800s 
by Malus and Biot, the first chiral compound, isomers of sodium ammonium 
tartrate, was isolated by Louis Pasteur in 1848.1 Pasteur’s discovery opened a 
new and important field in chemistry and medicine, and working with chiral 
compounds, whether it is their synthesis or application, is one of the leading 
research areas today. When considering the synthesis of an organic molecule, 
both in industrial and academic settings, several important issues arise. Among 
these, the preparation of the correct enantiomer, in high chemical and optical 
purity became an increasingly important aspect. This is especially true when 
the synthesized molecule is intended for use in biological systems (i.e., as phar-
maceuticals, agrochemicals).2, 3 It is worth noting that 56% of the drugs cur-
rently on the market are chiral compounds and an overwhelming majority of 
these molecules (88%) are sold in the form of racemic mixtures.4 A multitude 
of methods have been developed to achieve the goal of enantioselective synthe-
sis.5, 6 Early examples include the use of chiral starting materials derived from 
nature (chiral pool)7, 8 or the use of chiral auxiliaries.9, 10 While these concepts 
have been proven to be very successful, the application of catalytic methods 
has a great appeal to the synthetic chemist, allowing to generate a large amount 
of chiral material using only a small amount of chiral catalyst. The catalytic 
methods are also more efficient in using the resources. In addition to the eco-
nomic factor, catalysis is one of the basic principles of green chemistry and the 
development of environmentally benign and sustainable synthetic processes is 
a major goal of research and development in the 21st century.11, 12 Although the 
majority of the work in enantioselective catalysis currently lies within the field 
of homogeneous catalysis, the application of heterogeneous systems has been 
of increasing interest in the recent years. Heterogeneous catalysis has several 
distinct advantages compared to homogeneous systems.13 Due to the hetero-
geneous nature of the system, catalyst recovery and recycling is usually eas-
ily achieved, and catalyst stability and decomposition is often less problematic 
compared to homogeneous systems. In contrast, the introduction of chirality 
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into a heterogeneous system is often more challenging. A major issues are the 
insufficient interaction with the substrate and the leaching of the chiral modi-
fier from the catalyst. One of the first heterogeneous enantioselective catalysts 
that could provide a meaningful enantiomeric excess was based on a natural 
protein (silk fibers)-supported palladium catalyst, that was used to synthesize 
amino acids.14 Consequently, much of the research in the field of heterogeneous 
enantioselective catalysis in the recent years has focused on the development of 
catalytic systems that combine the advantages of homogeneous and heteroge-
neous catalysts.15–20 Following this approach, chiral homogeneous catalysts are 
modified and connected to a heterogeneous support, often by forming a covalent 
bond between the surface of the support and the ligand or by incorporating the 
ligand in the support, for example by means of copolymerization. While these 
zwitter-systems address some issues (i.e., catalyst recovery problems of homo-
geneous and low tunability of heterogeneous systems) other problems such as 
metal leaching are not yet solved.

In order to fully investigate the environmental impact of a catalytic system 
many factors such as leaching, and the fate of the catalyst should be considered. 
Unfortunately, this information is not always available in the literature. In this 
chapter, the application of heterogeneous catalytic systems in enantioselective 
transformations will be reviewed, with a focus on environmentally benign sys-
tems. A selection of examples from various different transformations is pre-
sented, with a focus on examples from the recent literature.

3.10.2  Oxidation reactions

Oxidation reactions are an important group of synthetic processes and as such 
they have been covered in detail in the appropriate chapter on Oxidation in this 
book. Therefore, in the current subchapter, the focus will be on asymmetric 
catalytic oxidations only without discussing the fundamentals of the included 
reactions.

3.10.2.1  Epoxidation

The group of Brown developed a heterogeneous variation of Shi’s catalyst 
for the epoxidation of benzylic double bonds.21 The catalyst was prepared by 
anchoring a variation of Shi’s catalyst to the surface of a mesoporous silica 
via a thiol linker. The catalyst was able to perform the epoxidation of several 
different substituted substrates using oxone as oxidizing agent in an aqueous 
solvent system (Scheme 1). The products are mostly obtained in high yields 
and enantioselectivities. The reaction required a relatively high catalyst load-
ing of 20 mol% to prevent the direct racemic oxidation to take place. Catalyst 
recycling experiments showed that the product selectivity dropped significantly 
after the second run, most likely due to the degradation of the catalyst by Bayer-
Villiger reaction.
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Xia et  al. achieved the epoxidation of similar chromene substrates using 
a metal-organic framework (MOF)-based catalyst containing a metallosalen 
linker unit.22 Salen linker units containing a mixture of Cu and Fe as well as Cu 
and Mn ions were effective catalysts for the reaction using a hypervalent iodine 
species as the oxidant (Scheme 2). The MOF-catalyst was shown to be recycla-
ble up to five times without loss of activity. A downside from the environmental 
point of view is the need for a chlorinated solvent in the reaction.

A chiral Jacobsen catalyst grafted onto a zirconium poly(styrene-
phenylvinylphosphonate)-phosphate (ZPS-PVPA) support was used for the 
asymmetric epoxidation of α-methylstyrene and indene (Scheme 3).23 The cata-
lytic system applied mCPBA and NMO as oxidizing agents and achieved yields 
up to 92% and enantioselectivities up to 98% depending on the linker used to 
bind the catalytically active Mn-salen unit to the polymer. The disadvantage of 
the process is the need for dichloromethane as a solvent, however, it is compen-
sated by the reusability of the catalyst and the scalability of the catalytic system. 

SCHEME 1  Enantioselective epoxidation of alkenes using a heterogenized Shi-type catalyst.

SCHEME 2  Epoxidation of chromenes using metallosalen MOF catalysts.

SCHEME 3  Polymer supported Mn-salen-catalyzed epoxidation of α-methylstyrene and indene.
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The catalyst can be recycled up to seven times without losing its activity and 
selectivity and the reaction was easily scaled up by a factor of 200 showing that 
the system might be used for industrial applications.

In a similar approach the groups of Pires and Freire used organo-
functionalized porous clay hetero-structures to bind a Mn-salen complex and 
used it for the epoxidation of styrenes and chromenes (Scheme 4).24 Only low 
conversion and enantioselectivity was obtained under the conditions tested, 
even though the results were better than compared to the nonheterogenized ver-
sion of the catalyst.

Zhang et  al. used a Mn-salen complex immobilized on MCM-41 for ep-
oxidation of β-methylstyrenes (Scheme 5).25 Both the cis and the trans isomer 
could be transformed using the catalyst that was prepared by linking the salen 
unit to the MCM-41 framework. The researchers could show that incorporating 
rigid structures into the linker yielded higher conversions and selectivities than 
using flexible linker units. In a similar application, clay supported Mn-salen 
complexes were also found effective for alkene epoxidation.26

3.10.2.2  Dihydroxylation

Xia et al. reported that the metallosalen MOF catalyst they developed can not 
only be used for epoxidation but also for the further functionalization of the 
products. Performing the reaction in the presence of water resulted in the for-
mation of the diol in high yields and enantioselectivities (Scheme 6A).22, 27 

SCHEME 4  Epoxidation of styrenes and chromenes catalyzed by an organo-functionalized porous 
clay hetero-structure bound Mn-salen complex.

SCHEME 5  An MCM-41 immobilized Mn-salen complex-catalyzed epoxidation of cis and trans 
β-methylstyrenes.
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Interestingly, the enantioselectivity is nearly completely lost when the reaction 
is performed in two steps rather than in a one-pot procedure (Scheme 6B).

As described in the same work, performing the epoxidation reaction in 
the presence of other nucleophiles allowed for the introduction of nitro-
gen and sulfur containing functional groups in the product. A less envi-
ronmentally friendly chromium containing MOF had to be used for these 
transformations.

The asymmetric dihydroxylation of styrenes was achieved by the group 
of Duan using a chiral heterogeneous polyoxometalate metal-organic 
framework.28 By incorporating a polyoxometalate cluster, nickel-ions and 
a proline-derived organocatalyst the authors achieved the dihydroxylation 
of different substituted styrenes in high yields and enantioselectivities  
(Scheme 7). Although a green oxidizing agent, hydrogen peroxide, could be 
applied, the reaction required the use of dichloromethane as a solvent, in-
creasing the environmental impact of the system. The authors of the study 
could show that the configuration of the product depended on the chiral amine 
used as modifier; switching to the opposite enantiomer yielded the opposite 
configuration of the chiral center in the product.

(A)

(B)

SCHEME 6  One-pot (A) and sequential (B) epoxidation-hydrolysis of chromenes catalyzed by a 
metallosalen containing metal-organic framework.

SCHEME 7  Asymmetric dihydroxylation of styrenes catalyzed by a chiral heterogeneous poly-
oxometalate metal-organic framework.
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3.10.2.3  Other oxidations

The enantioselective oxidation of alkyl and aryl glyceryl monoethers was car-
ried out by an immobilized biocatalyst. Velasco-Lozano et al. designed a catalyst 
in which glycerol dehydrogenase, that was obtained from Bacillus stearother-
mophilus (BsGlyDH) was immobilized on cobalt-activated agarose microbeads 
4BCL (AG-Co2 +). The authors used this catalyst in the oxidation of alkyl/aryl 
glyceryl monoethers to corresponding 3-alkoxy/aryloxy-1-hydroxyacetones. 
The enzyme showed excellent enantioselectivity in oxidizing the (S)-isomer 
of the alcohol in > 99% ee leaving the (R)-3-ethoxypropan-1,2-diol behind 
(Scheme 8).29 The catalyst was found to be highly stable under the experimental 
conditions, in the recycling studies it did not show any decrease in activity or 
selectivity even after six consecutive reactions.

The enantioselective oxidation of sulfides to sulfoxides was achieved us-
ing a chiral phosphonate MOF.30 Chiral BINOL units were used to build the 
metal-organic framework thus allowing for the reaction to be performed enan-
tioselectively (Scheme 9). While hydrogen peroxide was used as the oxidant, 
the reaction was performed in dichloroethane, a nongreen solvent. No overoxi-
dation of the product was observed under the conditions applied. In a similar 
application, a Ti(IV)- or V(V)-exchanged K-10 montmorillonite, respectively, 
doped with various chiral modifiers were also investigated in the enantioselec-
tive oxidation of sulfides, however, even the best enantiomeric excess, obtained 
using (R)-BINOL as the chiral modifier, did not exceed 18%.31, 32

The β-hydroxylation of unsaturated trifluoromethyl ketones was achieved 
by Li et al. using a cinchona-functionalized mesostructured silica.33 The modi-
fied cinchona alkaloid was bound to the mesostructured silica using thiol-ene 

SCHEME 8  Heterogeneous catalytic oxidative kinetic resolution of alkyl and aryl glyceryl mono-
ethers catalyzed by an agarose gel-immobilized enzyme (GlyDH-L252A/AG-Co2 +).

SCHEME 9  Enantioselective oxidation of sulfides to sulfoxides by a chiral phosphonate MOF-
based catalyst.
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click chemistry. The thus prepared catalyst allowed for the sequential one-pot 
epoxidation-relay reduction reaction to take place and the products were formed 
in excellent yields and selectivities (Scheme 10). The catalytic system could 
be reused up to eight times without significant loss of its catalytic activity. The 
drawback of the reaction is the use of a hydrazine in the oxidation step and 
methyl-tert-butyl ether as the solvent.

The Kharasch-Sosnovsky allylic oxidation of alkenes is an interesting 
process to produce allylic ethers.34, 35 The reaction is commonly catalyzed 
by Cu-complexes in the homogeneous phase. The enantioselective version of 
the reaction has also been attracted considerable attention.36 Aldea et  al. de-
scribed an enantioselective oxidation of cycloalkenes by using a chiral coor-
dination polymer-based catalyst (Scheme 11).37 The reusable catalyst acts via 
an interesting mechanism. The coordination polymer disassembles, and the 
reaction occurs in the solution and after the reaction is complete the catalyst 
re-assembles and can be recycled seven times without a meaningful drop in 
yield or enantioselectivity.

3.10.3  Hydrogenation

The enantioselective hydrogenation of CC and CX double bonds is of 
immense importance in synthetic organic chemistry yielding a large array of 
valuable products. Therefore, research in this field has been manifold and the 
progress has been continuously reviewed.38–40 As such only a selection of re-
cently published work with a focus on the environmental impact of the method 
is presented here.

SCHEME 10  Enantioselective β-hydroxylation of unsaturated trifluoromethyl ketones catalyzed 
by a cinchona-functionalized mesostructured silica.

SCHEME 11  The enantioselective Kharasch-Sosnovsky allylic oxidation of cycloalkenes cata-
lyzed by a recyclable coordination polymer.



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

600  Heterogeneous catalysis in sustainable synthesis

3.10.3.1  Reduction of carbonyl compounds

3.10.3.1.1  Reduction of mono-carbonyl compounds
The application of cinchona modified noble metal catalysts for the hydrogena-
tion of carbonyl compounds is one of the most commonly applied enantioselec-
tive catalytic processes for the reduction of the CO group, although it is best 
applicable for the hydrogenation of α-dicarbonyl compounds. The alkaloid that 
is added to the metal catalyst adsorbs on the metal surface thus creating a chiral 
environment and ensuring the enantiodifferentiation in the reaction.41, 42 Several 
attempts were made to use this catalytic system for the reduction of ketones to 
their corresponding secondary alcohols with moderate success. Substituted ace-
tophenones readily underwent reduction, however, with low (< 20%ee) enan-
tioselectivity. The highest enantiomeric excesses were obtained with activated 
carbonyls such as 2,2,2-trifluoroacetophenone (Scheme 12). In one example a 
Pt/Al2O3 catalyst was applied with natural and modified cinchona alkaloids in 
a continuous-flow fixed-bed reactor yielding the product in 30%ee.43 Using a 
similar catalyst with natural cinchonas under sonochemical activation improved 
the enantioselectivity up to 49%ee.44 Finally, the application of a magnetically 
recoverable Pd/SiO2/Fe3O4 catalyst, resulted in the alcohol in up to 80%ee.45

Nonactivated aromatic ketones were also hydrogenated using a Ru-γ-Al2O3 
catalyst which was stabilized by PPh3 (Scheme 13A). As a chiral modifier a 
cinchona alkaloid-based diamine (Scheme 13B) was used. High, nearly quan-
titative yields were obtained accompanied by excellent enantioselectivities for 
ortho-substituted aromatic ketones producing the (S)-enantiomer. In one case 
the (R)-enantiomer was obtained, however, both the yield and the optical purity 
was quite low (Scheme 13).46 The authors also applied the same diamine modi-
fier with an Ir/PPh3/SiO2 catalysts and achieved up to 96%ee, especially for 
ortho-substituted aryl ketones.47

The same group applied the above cinchona-based diamino chiral aux-
iliary (Scheme 13B) for the enantioselective hydrogenation of heterocyclic 
aryl methyl ketones, this time using a triphenylphosphine-stabilized SiO2-
supported iridium as a catalyst.48 Out of different chiral amine modifiers, 

SCHEME 12  The heterogeneous enantioselective hydrogenation of 2,2,2-trifluoroacetophenone 
on cicnhona-modified Pt catalysts.
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9-amino(9-deoxy)epicinchonine proved to be the most effective allowing for 
the reaction to be performed at room temperature and 60 bar hydrogen pres-
sure. A variety of heteroaromatic methyl ketones could be reduced with good 
yields and moderate enantioselectivity (Scheme 14). Methanol was used as 
the solvent for the reaction. The authors did not perform any recyclability 
study for the catalyst.

In a follow-up study, the authors showed that an increased amount of surface 
silanol groups on the surface of the support material resulted in a higher activity 
of the catalytic system.49

The concept of transfer hydrogenation was also applied by Shen et al. in the 
iridium-catalyzed reduction of substituted acetophenones.50 The iridium was 
complexed to 9-amino epi-cinchonine bound to SBA-15 with a sulfide tether. 
The reduced acetophenones were obtained in mostly good yields and moder-
ate enantioselectivities (Scheme 15). While recycling studies with the catalyst 
showed that the performance of the system declined after the third run, exten-
sive washing of the catalyst was able to restore its initial activity.

In addition to the widespread use of cinchona-modified solid catalysts, 
the application of successful homogeneous metal complex-based catalysts in 
their immobilized form is also a general trend in asymmetric hydrogenations. 

(A)

(B)

SCHEME 13  The heterogeneous enantioselective hydrogenation of aryl alkyl ketones on 
cicnhona-based diamine modified triphenylphosphine-stabilized Ru/γ-alumina catalyst.

SCHEME 14  The heterogeneous enantioselective hydrogenation of heteroaryl methyl ketones on 
cicnhona-based diamine-modified Ir/SiO2/tpp catalyst.
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The immobilization can be achieved by many means, for example, anchoring 
the active component onto a support material via physisorption or covalent 
bonding.51 These immobilized metal complexes were found to be highly ac-
tive and selective, up to 98%ee, in the enantioselective hydrogenation of ke-
tones. A few representative examples are tabulated in Table 1.

More recent applications also take advantage of the proven efficacy of 
surface-bound metal complexes in preparing new heterogeneous hydrogena-
tion catalysts. The group of Lin used an anchored ruthenium-BINAP catalyst 
for the reduction of various aryl ketones.59 The reaction can be performed un-
der moderate hydrogen pressure in isopropanol as the solvent to obtain the de-
sired alcohol in excellent yields and selectivities (Scheme 16). Two different 
methods were explored for the attachment of the catalytically active ruthenium 
center, both yielding the product in equally high yields. The use of magnetic 
(magnetite) nanoparticles (MNPs) allowed for the easy recovery of the catalyst 
after the reaction. The recovered catalyst could be reused up to nine times be-
fore a decrease in activity was observed.

The asymmetric transfer hydrogenation using an immobilized rhodium 
complex was investigated by Barrón-Jaime et al. (Scheme 17).60 The catalyst 
was prepared by anchoring a chiral amine to different supports followed by 
complexation with a rhodium salt. Even though the yields of the alcohol ob-
tained by the reduction of acetophenone were good, the enantioselectivity was 
only moderate in the case of some support materials. Although the polymer-
bound version of the catalyst showed higher activity and selectivity in the initial 
run, the silica-bound version gave more consistent results in catalyst recycling 
experiments. All heterogenized catalysts tested were inferior in their catalytic 
performance as compared to the homogeneous version of the Rh-complex.

The group of Liu performed several studies on the use of chiral rhodium and 
ruthenium catalysts bound to mesoporous silica matrixes for the enantioselec-
tive transfer hydrogenation of aryl methyl ketones.61–63 In all studies a linker 
with a diamine unit is fixed to the silica and then coordinated with the cata-
lytically active metal center. The reaction was performed in water as a solvent 
and used sodium formate as the hydrogen transfer agent providing the desired 
alcohols in high yields and enantiomeric excess (Scheme 18). Interestingly the 
enantioselectivity changes from (R) to (S) when Rh is switched to Ru. Recycling 

SCHEME 15  The heterogeneous catalytic enantioselective transfer hydrogenation of substituted 
acetophenones on cinchona-based Ir/SBA catalyst.
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TABLE 1  Asymmetric hydrogenation of ketones catalyzed by immobilized chiral organometallic complexes.

Entry Substrate Catalyst Conditions ee (%) Comments Ref.

1 Aromatic 
ketones

[RuCl2(p-cymene)]2 with 
polymer supported chiral 
sulfonamides

Transfer hydrogenation 
5 eq HCOONa, H2O 
(2 mL)

Up to 98 Recyclable catalyst (no loss of activity 
and selectivity)

52

Chiral cyclohexyldiamine 
based Ru—PPh3 stabilized 
complex on mesoporous 
silica

iPrOH, H2 (27 atm.), 70°C Up to 76 Similar activity as the homogeneous 
analog, recycled four times

53

Ru(II)-(1R,2S)-(+)-cis-1-
amino-2-indanol/SBA-15

iPrOH, KOH, 60°C, 1 h Up to 77 Moderate to good ee’s, conversions 54

C2-symmetric bis(sulfon-
amide)-cyclohexane-1,2-
diami-ne-RhIIICp* on silica 
gel and polystyrene

Transfer hydrogenation 
HCOONa, H2O, 40°C

Up to 92 Excellent yields, selectivities, recyclable 
catalyst

55

2 Acetophenone RuCl2(PPh3)2S,S-1,2-
diphenylethylenediamine/
mesoporous SiO2

iPrOH, 10 h, RT, H2 
(3 MPa)

Up to 78 Recyclable catalyst (negligible loss of 
activity/selectivity in four reactions)

56

1S,2S)-DPEN-Ru(II)
Cl2(TPP)2 encapsulated in 
SBA-16a,b

iPrOH, H2 (3.0 MPa), 
25°C, base

Up to 75 Excellent conversions, recyclable 
catalyst (seven times)

57

p-CF3-, p-NH2-
acetophenones

Rh complex immobilized 
on Al2O3

EtOH, Et3N, H2 (2.5 MPa), 
50°C, 6 h

Up to 80 Lower activity than homogeneous 
analog, moderate yield

58

a	 TPP, triphenylphosphine.
b	DPEN, 1,2-diphenylethylenediamine; SBA, Santa Barbara Amorphous, a mesoporous material.
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experiments showed that both catalysts could be reused up to ten times without 
loss in activity and enantioselectivity.

The same reactivity was observed when the active rhodium catalyst was 
bound to a polyhedral oligomeric silsesquioxane. Similar results with regard to 
yield, enantioselectivity and recyclability were obtained compared to the silica 
bound version of the catalyst.64

The same group showed that an imidazole modified version of the Ru-chiral 
diamine complex immobilized on mesoporous organosilica could be used for 
the asymmetric transfer hydrogenation of different substituted α-haloketones 
(Scheme 19A) and benzils (Scheme 19B).65 All reactions gave the desired 
products in high yields and enantioselectivities. Both chlorine and bromine re-
mained intact in the α-position and the catalyst could be recycled up to eight 
times before a decrease in activity was noted. The results obtained were similar 
to what was reported for the homogeneous version of the catalyst.

Hollow structured mesoporous silica nanospheres (HMSN) were used by 
Jing et al. as nanoreactors for the transfer hydrogenation of aromatic ketones.66 

SCHEME 16  The heterogeneous enantioselective hydrogenation of aryl alkyl ketones catalyzed 
by a magnetic nanoparticle (MNP)-supported Ru-BINAP complex.

SCHEME 17  The heterogeneous enantioselective hydrogenation of acetophenone catalyzed by a 
Rh-chiral diamine complex immobilized on various supports.

SCHEME 18  Enantioselective hydrogenation of substituted acetophenones catalyzed by silica-
bound Rh- and Ru-chiral diamine complexes.



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

Asymmetric synthesis by solid catalysts  Chapter | 3.10  605

The active catalyst was prepared by the polymerization of a chiral Rh-amine 
complex within the nanosphere. A variety of substituted acetophenones was 
reduced to the corresponding benzyl alcohols with high yields and enantiose-
lectivities (Scheme 20). Although the catalyst was shown to be recyclable up 
to four times, it should be noted that increased reaction times were needed to 
ensure high conversion of the substrate.

Balakrishnan and Velmathi developed a metal-free heterogeneous reduction 
of acetophenones using a chiral amine anchored to SBA-15.67 BH3 was used as 
the reducing agent to form the secondary alcohols in good yields and enanti-
oselectivities (Scheme 21). Recycling studies of the catalyst showed that there 
is a slight loss in activity after each run. Even though toluene had to be used as 

(A)

(B)

SCHEME 19  Enantioselective hydrogenation of substituted α-haloacetophenones (A) and benzils 
(B) catalyzed by silica-bound Rh- and Ru-chiral diamine complexes.

SCHEME 20  Enantioselective hydrogenation of substituted acetophenones catalyzed by a hollow-
structured mesoporous silica nanospheres (HMSN)-immobilized Rh-amine complex.

SCHEME 21  Asymmetric catalytic hydrogenation of substituted acetophenones catalyzed by a 
SBA-encapsulated chiral amine.
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the solvent, the fact that the reaction is metal-free is appealing from the green 
chemistry point of view.

Similar SBA immobilized chiral catalysts were prepared by Li et al. The au-
thors developed a chiral transfer hydrogenation process for the reduction of aryl 
ketones in a sonochemically activated protocol (Scheme 22A).68 The novel catalyst 
used in this process was a cationic rhodium complex (Cp*RhTsDPEN)+(CF3SO3)

−  
entrapped within Me-SBA-15 and Me-SBA-16 (Scheme 22B) using an ion-pair 
immobilization method. This strategy appears to work well as a generic method for 
the anchoring of various metal complexes to catalyst supports easing the recovery 
of these chiral catalysts. The above immobilized cationic rhodium catalyst could be 
applied in an aqueous medium under ultrasonic irradiation. The reaction provided 
the products in excellent yields and enantioselectivities.

3.10.3.1.2  Reduction of 1,2-dicarbonyl compounds
With the principles and tendencies in heterogeneous catalytic enantioselective 
hydrogenations of ketones outlined above, here we will survey the similar hy-
drogenations of 1,2-dicarbonyl compounds. This group of substrates include 
1,2-diketones and other α-activated dicarbonyls (ketoesters, ketoacetals, etc.) as 
the most popular substrates.

As a general tendency, the activated carbonyl compounds are more likely 
to participate in effective heterogeneous catalytic enantioselective hydrogena-
tions, and thus, the second group of substrates overwhelmingly dominate this 
field. However, there are a few examples available for the hydrogenation of 
1,2-diketones as well.42, 69–71

As mentioned previously the group of Cheng and Liu showed that an 
imidazole-stabilized Rh-chiral diamine complex anchored on mesoporous 

(A)

(B)

SCHEME 22  Reduction of acetophenone derivatives by a transfer hydrogenation process (A) 
catalyzed by an immobilized cationic rhodium complex (B).
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organosilica can be used for the asymmetric transfer hydrogenation of benzils 
(Scheme 19B).65 The reduction of benzils provided the corresponding diols in 
high yields and enantioselectivities using sodium formate as hydrogen donor. 
Good DL to meso ratios were obtained and the reusability of the catalyst was 
shown in nine consecutive runs.

Campos and his group developed a new chiral modifier (Pylm) for the en-
antioselective reduction of 1-phenyl-1,2-propanedione (PPD).72 The modifier 
was bound to a SiO2 surface followed by the deposition of Pt-nanoparticles. 
While high conversions could be obtained with only 1% Pt loading, the enan-
tioselectivities obtained were only moderate (Scheme 23). During their recy-
cling experiments the authors found that the activity of the catalyst increased 
with each additional run while enantioselectivity decreased. This was caused 
by the leaching of the chiral modifier from the catalyst. It should be noted that 
the use of cyclohexane as a solvent is undesirable from an environmental point 
of view. In a similar work, a cinchonidine modified Ir/SiO2 catalyst was ap-
plied in the hydrogenation of PPD producing good enantiodifferentiation (up 
to 80%ee).73

Busygin et  al. described the hydrogenation of 1,2-indanedione and 
phenyl-1,2-propanedione on a cinchonidine-modified Pt/Al2O3 catalyst 
(Scheme 24).74 The reaction could provide the product in nearly quantitative 
yields; however, the conversion significantly affected the optical purity of the 
products. Interestingly, the two substrates behaved differently from this point 
of view. The enantiomeric excess of the product gradually decreased with in-
creasing conversion in the case of indanedione; the best enantioselectivity was 
obtained at relatively low conversion. In contrast, the phenylpropanedione re-
duction resulted in higher enantioselectivities with increasing yields. Overall, 
the enantioselectivity was moderate to good in the reactions. The complete hy-
drogenation of the diketones, the diol, was the major byproduct in both cases.

SCHEME 23  Heterogeneous catalytic enantioselective hydrogenation of 1-phenyl-1,2-
propanedione by a transfer hydrogenation process catalyzed by an immobilized cationic rhodium 
complex.
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In the asymmetric hydrogenation of other activated 1,2-dicarbonyl com-
pounds the hydrogenation of α-ketoesters, particularly ethyl pyruvate, plays a 
major role. The ethyl pyruvate hydrogenation, also known as Orito’s reaction, is 
a commonly applied test reaction during the development of new enantioselec-
tive heterogeneous hydrogenation catalysts (Scheme 25).

The reaction has generated significant interest since its discovery. Some rep-
resentative examples are summarized in Table 2.

Table  2 shows the applications of the ethyl pyruvate hydrogenation as 
a broadly accepted test reaction for evaluating the activity and selectivity of 
chirally-modified solid metal catalysts. There are two major directions that have 
been pursued, one is the preparation of new metal catalysts, such as the K-10 
montmorillonite-supported Pt that contained the cinchona alkaloid immobilized 
by ionic interactions between the basic modifier and the acidic surface (Table 2, 
entry 2). The other major direction is the development of new chiral modifi-
ers and their testing with often well-known catalysts (Table 2 entries 3–6, 9). 
Despite the significant efforts not many of these new directions resulted in a 
catalytic system that is comparable in efficacy and selectivity to the originally 
optimized Pt/Al2O3 catalyst. In a few reports α- and β-isochinchonines were 
used as modifiers (Table 2 entries 3, 11). These investigations helped to clarify 
the major role that the anti-open conformation of the alkaloid plays in the enan-
tiodifferentiation during these reactions.

SCHEME 24  Heterogeneous catalytic enantioselective hydrogenation of 1,2-indanedione and 
1-phenyl-1,2-propanedione catalyzed by a cinchonidine-modified Pt/Al2O3.

SCHEME 25  Heterogeneous catalytic enantioselective hydrogenation of ethyl pyruvate on a chi-
rally modified supported Pt catalyst.
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TABLE 2  Enantioselective heterogeneous catalytic hydrogenation of ethyl pyruvate using chirally modified metal catalysts.

Entry Catalyst Modifier ee (%) Comments Ref.

1 Pt/Al2O3 Cinchonidine, cinchonine Up to 98 The catalyst was pretreated with the 
modifier under ultrasonic irradiation

75–77

2 Pt/K-10 Cinchonidine Up to 75 The modifier was anchored to the 
surface by ionic interactions

78, 79

3 Pt/Al2O3 α- and β-isocinchonines 20–35 Lack of acceleration in presence of the 
rigid modifiers

80

4 Pt/Al2O3 Aryl-[1,2,5,6-tetrahydro-pyridinyl] methanols Up to 75  81

5 Pt/Al2O3 (9-Anthryl)-(2-piperidyl)- and (9-anthryl)
(2-pyridyl)-methanols

N/A Revison on the role of the erythro 
isomer

82

6 Pt/γ-Al2O3 Various chiral modifiers, best performance: 
cinchonidine

Up to 63 (both 
enantiomers, with 
different modifiers)

Continuous micro-structured flow 
reactor

83

7 Pt/Al2O3 Cinchonidine N/A Effect of additives on the 
enantioselection studied, preadsorbed 
quinoline and acridine enhance rate 
and ee’s

84

8 Pt/Al2O3 Quinine, cinchonine N/A Nonlinear phenomenon 85

9 Pt/SiO2 (S)-(+)-1-aminoindan, (S)-(+)-1-indanol, and 
(1R, 2S)-(+)-cis-1-amino-2-indanol

Up to 63 Most effective modifier (S)-(+)-1-
aminoindan

86

10 Pt/HPSa Cinchonidine Up to 73 – 87

11 Pt/Al2O3 Cinchonine, α-isocinchonine Up to 89 Mechanistic proof for antiopen 
conformation of the alkaloid

88, 89

HPS, hypercrosslinked polystyrene, N/A- non applicable, the goal of the study was not to optimize for high ee.
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Although the ethyl pyruvate related papers dominate the literature in the 
field of α-ketoester hydrogenation, there are several other derivatives that have 
been enantioselectively hydrogenated on heterogeneous metal catalysts, often 
providing excellent enantioselectivities. Many of them are valuable synthetic 
building blocks for the preparation of complex chiral compounds. A few repre-
sentative examples are collected in Table 3.

More recent applications appear to focus on the preparation of new het-
erogeneous hydrogenation catalysts by applying support materials that were 
unconventional earlier in these hydrogenations. These supports include carbon 
nanotubes, polymer-capped materials or chiral polymers.102

Sharma and Sharma used Pt-functionalized multiwalled carbon nanotubes 
(MWNT) as heterogeneous catalyst for the reduction of methyl pyruvate.103 The 
authors applied cinchonidine as chiral modifier and the reaction proceeded with 
excellent enantioselectivities and yields (Scheme 26). The authors showed that 
the catalyst could be recycled up to 10 times with only a slight loss in catalytic 
activity. Unfortunately, new chiral modifier had to be used for each run, reduc-
ing the benefit gained through the recycling.

In a subsequent study the same authors reported that a Pt-functionalized 
chiral polyamide can be efficiently used as a catalyst for the reduction of ethyl 
2-oxo-4-phenylbutanoate.104 The chiral polymer is assumed to adopt a helical 
conformation thus generating a chiral environment for the platinum nanopar-
ticles allowing for the asymmetric reduction (Scheme 27). The reaction could 
be performed without the use of any solvent at room temperature, yielding the 
enatiomerically pure α-hydroxy ester in excellent yields.

3.10.3.1.3  Reduction of 1,3-dicarbonyl compounds
In addition to the highly effective applications for the reduction of 1,2-dicarbonyl 
compounds, the enantioselective heterogeneous catalytic hydrogenation of 
1,3-dicarbonyl compounds also attracted significant attention.

One of the most explored areas is the hydrogenation of β-ketoesters and β-
diketones catalyzed by tartaric acid-modified Raney Ni catalysts.105 The catalyst 
was prepared from commercially available NiAl alloy in the presence of tartaric 
acid enantiomers, respectively, using ultrasonic irradiation. The freshly prepared 
chirally-modified Raney Ni was applied in the hydrogenation of 1,3-dicarbonyl 
compounds,106 including methyl 3-cyclopropyl-3-oxopropanoate, providing the 
hydroxyketone in nearly quantitative yields and 98% ee (Scheme 28).107, 108 The 
reaction is a very sensitive catalytic system, with many parameters, such as the 
added base, playing an important role.109

The enantioselective hydrogenation of 1,1,1-trifluoro-2,4-diketones has 
been achieved by Baiker’s group (Scheme 29).69, 110 The authors used a Pt/
Al2O3 catalyst and a series of chiral modifiers were tested, such as cinchoni-
dine, O-Me-cinchonidine, or (R,R)-pantoyl-naphthylethylamine. The reactions 
occurred with relatively low to moderate yields, however, 100% chemoselectiv-
ity, and moderate to high enantioselectivities. The relatively good performance 
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TABLE 3  Enantioselective heterogeneous catalytic hydrogenation of α-ketoesters and related compounds using chirally modified metal 
catalysts.

Entry Substrate Catalyst Modifier ee (%) Remarks Ref.

1 Dialkyl-2-oxoglutarates Pt/Al2O3 Cinchonidine, 
cinchonine

Up to 96 (R) products form with higher ee-s, and 76% for 
(S)-products

90

2 Phenylglyoxylic acid Pt/Al2O3 β-Isocinchonine Up to 94 Conformation of adsorbed modifier, substrate 
and solvent affect the ee

91

3 Substituted α-ketoesters Pt/Al2O3 Cinchonidine, 
cinchonine

Up to 98 The catalyst-modifier system was enhanced 
with ultrasonic irradiation

92–94

4 Ketopantolactone Pt/Al2O3 O-(2-Pyridyl)-
cinchonidine, O-
phenylcinchonidine 
and cinchonidine

Up to 80 Substrate-modifier interaction for O-(2-pyridyl)-
cinchonidine and inversion of ee was observed

42

5 Methyl benzoylformate, 
ketopantolactone, 
pyruvaldehyde 
dimethylacetal

Pt/Al2O3 α-Isoquinine, 
quinine, quinidine, 
cinchonine, 
cinchonidine

Up to 96 % ee affected by orientation of the quinuclidine 
N-lone pair relative to quinoline

70

Flow system 95

Nonlinear phenomenon 96

6 Methylglyoxal 1,1-dimethyl 
acetal and its derivatives

Pt/Al2O3 Quinine, quinidine, 
cinchonine, 
cinchonidine

Up to 97 Cinchonidine provided the best selectivity for 
the (R), and cinchonine for the (S)-enantiomer 
(88%)

97, 98

12 Methyl benzoylformate, 
ketopantolactone

Pt/SiO2/Fe3O4 Cinchona alkaloids Up to 80 Magnetically recoverable catalyst 45

Pt/Al2O3 Mechanistic details 99

14 Ethyl 3-methyl-2-oxobutyrate Rh/Al2O3 Cinchona alkaloids up to 74 ee depends on Rh content, nanoparticles offer 
no improvement

100

15 Ketopantolactone Pt/Al2O3
c Cinchona alkaloids Up to 92 4–15 times rate enhancement increasing 

Pt(111)/Pt(100) ratio improved rate/ee
101
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of the system was attributed to the effective interaction between chiral modifier 
and the enolate ion pair. In a similar process ethyl 2-fluoroacetoacetate was 
hydrogenated on a cinchonidine-modified Pt/Al2O3 catalyst.111 A dynamic ki-
netic resolution of unreacted enantiomer was described as the mechanism of the 
enantiodifferentiation (82%ee).

SCHEME 26  Heterogeneous catalytic enantioselective hydrogenation of methyl pyruvate on a 
cinchonidine-modified functionalized multiwall carbon nanotubes-supported Pt catalyst.

SCHEME 27  Heterogeneous catalytic enantioselective hydrogenation of ethyl 2-oxo-4-
phenylbutanoate on a cinchonidine-modified polyamide-supported Pt catalyst.

SCHEME 28  Enantioselective heterogeneous catalytic hydrogenation of methyl 3-cyclopropyl-
3-oxopropanoate on tartartic acid-modified Raney Ni catalyst.

SCHEME 29  Enantioselective heterogeneous catalytic hydrogenation of 1,1,1-trifluoro-2,4-
diketones on cinchona alkaloid-modified Pt catalysts.
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Similar to several examples discussed above, immobilized chiral complexes 
were also applied in the hydrogenation of β-ketoesters. Floris et al. immobilized 
a (R)—[RuCl(binap)(p-cymene)]Cl complex in ionic liquids (IL) and used this  
catalyst for the hydrogenation of methyl acetoacetate to methyl-3-
hydroxybutyrate with high enantioselectivity (up to 97%) in a mixed methanol/
IL phase (Scheme 30).112 The ionic liquids were based on quaternary ammo-
nium salts, specifically, n-alkyl-triethylammonium bis(trifluoro-methane sulfo-
nyl) imides. In addition to the excellent ee values, the authors proved that the 
immobilized catalytic complex could be reused.

Wang et al. synthesized a porous polymer (POPs) including chiral BINAP 
units for the reduction of β-ketoesters.113 The BINAP functionality was then 
used to coordinate a Ru-ion as active hydrogenation catalyst. A variety of sub-
strates was reduced in isopropanol as a green solvent with high selectivity and 
yield (Scheme 31). The catalyst could be recycled up to six times without de-
crease in yield or enantioselectivity.

The group of Kunz developed a method for the enantioselective reduction 
of β-ketoesters with proline-functionalized Pt-nanoparticles using chiral amines 
as modifiers. Out of several chiral amines tested, proline proved to give the best 
results using the Al2O3-supported Pt-nanoparticles (Pt@Al2O3).

114 Using sub-
strates with different steric demand, the authors could show that increasing size 
on the keto-side of the molecule increases enantioselectivity while bulky ester 
functionalities have the opposite effect. All reactions were run to full conversion 
yielding the products in moderate to good enantiomeric excess (Scheme 32).

The transfer hydrogenation of β-ketophosphonates was achieved by Han 
et  al. using a Ru catalyst immobilized on mesostructured silica.115 A variety 
of substrates with different aromatic groups was reduced in excellent yields 
and enantioselectivities (Scheme 33). The reactions were performed under mild 
conditions using formic acid as a hydrogen donor. It should be noted that under 

SCHEME 30  Enantioselective heterogeneous catalytic hydrogenation of ethyl acetoacetate by an 
ionic liquid-immobilized (R)-[RuCl(binap)(p-cymene)]Cl complex.

SCHEME 31  Enantioselective heterogeneous catalytic hydrogenation of β-ketoesters by a porous 
polymer (POP)-immobilized Ru-BINAP complex.
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the conditions applied the benzyl protecting group was not removed. Only the 
use of dichloromethane as solvent for the reaction tarnishes the benefit of the 
reaction with regard to green chemistry principles.

3.10.3.1.4  Reductive alkylation
Zhu et al. designed a heterogeneous catalyst (TADP5) for the asymmetric addi-
tion of ZnEt2 to benzaldehydes (Scheme 34).116 Pillar[5]arene units were linked 
by chiral TADDOL units that then coordinated the titanium species to generate 
the catalytic center. The thus prepared catalyst allowed the addition reaction to 
take place with high yields and enantioselectivities. While the catalyst could 
be recycled up to six times without significant loss in activity; unfortunately, 
the reaction required toluene as solvent and a reaction temperature of − 30°C. 
The same reaction was also carried out using a silica-immobilized chiral amino 
alcohol with good yields but only moderate enantioselectivities.117

3.10.3.2  Reduction of CC double bonds

Although the enantioselective heterogeneous catalytic hydrogenation of car-
bonyl compounds dominated this field, significant efforts have been made 
to extend the application of the systems used above to the enantioselective 

SCHEME 32  Enantioselective heterogeneous catalytic hydrogenation of β-ketoesters by proline-
modified alumina-supported Pt nanoparticles.

SCHEME 33  Enantioselective heterogeneous catalytic hydrogenation of β-ketophosphonates by a 
mesostructured silica-supported Ru.

SCHEME 34  Enantioselective heterogeneous catalytic addition of Et2Zn to benzaldehydes.
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hydrogenation of CC bonds.38, 118, 119 The most successful examples belong 
to the hydrogenation of activated alkenes, focusing on α,β-unsaturated carbonyl 
compounds, such as carboxylic acids or ketones.

The above detailed cinchona alkaloid-modified noble metal catalytic ap-
proach has been extended to the enantioselective CC bond hydrogenation of 
α,β-unsaturated carboxylic acids as well, however, in this case mostly using 
Pd-based catalysts.

Several reports attest that the Pd surface can also be efficiently modified by 
one of these chiral modifiers and result in reductions with high enantioselectivi-
ties. Representative examples are tabulated in Table 4.

Most investigations use Pd/Al2O3 catalyst, however, TiO2, SiO2 or C are 
also commonly applied supports. One example used a less traditional support, 
multiwall carbon nanotubes (MWCNT). Several of these studies involve ad-
dition of an achiral primary amine (often benzylamine) additive in addition to 
the chiral modifier in order to enhance the enantiodifferentiation. The effect of 
the structure of the primary amine additive, however, has also been thoroughly 
investigated. The common conclusion was that benzyl amine decreases the ini-
tial rate of reaction as it interacts with the carboxylic acid and at the same time 
increases the enantioselectivity. This suggest that the nature of the enantiodif-
ferentiation is quite different from the kinetic type that occurred in the CO 
hydrogenation reactions.

Similar to the contemporary examples in the CO hydrogenation, efforts 
have been made to apply immobilized metal complexes for the hydrogena-
tion of unsaturated acids. The group of Bakos used phosphotungstic acid 
(PTA) to anchor a chiral Rh-complex on Al2O3 for the asymmetric hydroge-
nation of (Z)-α-acetamidocinnamic acid.135 The reduced compound was ob-
tained in high yield and excellent enantioselectivity (Scheme 35). Compared 
to the homogeneous variation of the catalyst (which uses the green solvent 
ethylene carbonate) the environmentally harmful solvent CH2Cl2 had to be 
used for the heterogeneous reaction. Recycling studies showed that while 
the activity of the catalyst dropped significantly after the second run, the 
enantioselectivity was barely affected. When the same catalyst was used in a 
continuous flow system the catalytic activity remained high for a prolonged 
amount of time.

Yu et al. described a self-supported Rh-coordination polymer for the reduc-
tion of several different unsaturated carboxylic acid derivatives (Scheme 36).136 
Chiral BINAP ligands in the linker unit of the polymer generated the chiral 
environment for the Rh catalyst and allowed the reduction to take place with 
almost quantitative yields and excellent enantioselectivities for different en-
amides and α,β-unsaturated esters.

In addition to carboxylic acid derivatives the enantioselective CC hydro-
genation of unsaturated ketones also attracted significant attention. The proline-
modified palladium catalyst for the asymmetric hydrogenation of isophorone 
(3,3,5-trimethyl-2-cyclohexenone, Scheme 37) was first introduced by Tungler’s 
group in the late 1980s.119, 137
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TABLE 4  Heterogeneous catalytic hydrogenations of various unsaturated carboxylic acid derivatives on cinchona-modified Pd catalysts.

Entry Substrate Catalyst Modifier ee (%) Comments Ref.

1 2-Methyl-2-pentenoic acid Pd/Al2O3 Natural and derivatized 
cinchona alkaloids

Up to 66 Ultrasonic pretreatment 
improved the ee values. 
toluene/MeOH solvent

120–122

2 Pentenoic- and cinnamic acid derivatives Pd/Al2O3 Cinchona alkaloids Up to 70 MeOH solvent 123

3 N-acetyldehydroamino acids Pd/Al2O3 Cinchona alkaloids up to 60 MeOH solvent 124

4 Fluorinated (E)-2,3-diphenylpropenoic acids Pd/Al2O3 Cinchonidine Up to 96 Aq. DMF as solvent 125

5 Methoxy-substituted 2,3-diphenylpropenoic 
acids

Pd/Al2O3 Cinchonidine Up to 90 Aq. DMF as solvent 126

6 (E)-2-methyl-2-butenoic acid Pd/SiO2, 
Pd/Al2O3

Cinchonidine Up to 99 Hexane or toluene as 
solvent

127, 128

7 Fluorinated unsaturated carboxylic acids Pd/Al2O3 Cinchona alkaloids Up to 43 Benzylamine as additive, 
toluene/MeOH as solvent

129

8 Cinnamic acid derivatives Pd/C Cinchonidine Up to 92 Aq. dioxane as solvent 130

9 Heteroaromatics substituted propenoic acids Pd/Al2O3 Cinchonidine Up to 80 Aq. DMF as solvent 131

10 (E)-α-phenylcinnamic acid Pd/TiO2 Cinchonidine Up to 91 Aq. dioxane as solvent 132

11 α,β-unsaturated carboxylic acids TiO2-
MWCNT

Cinchonidine Up to 52 Toluene/MeOH/aq. DMF 133

12 Substituted unsaturated carboxylic acids Pd/C Cinchonidine Up to 92 Aq. dioxane as solvent 134

MWCNT, multiwalled carbon nanotubes.
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This field has been reinvigorated starting in the early 2000s and new find-
ings have been published ever since. The ultrasonic pretreatment that has been 
proven to be effective in the sonochemical asymmetric hydrogenation ketoes-
ters, found extended use in the hydrogenation of isophorone using proline-
modified Pd/Al2O3 catalyst as well. Mhadgut et  al. reported that ultrasonic 
pretreatment of a commercially available Pd/Al2O3 catalyst in the presence of 
the chiral modifier proline resulted in a reasonable enhancement in the enanti-
oselectivity of the hydrogenation reaction of isophorone (up to 85%ee).138 Later, 
several reports have been published describing the effect of solvent, catalyst 
support, reaction time, modifier structure and hydrogen pressure. The reaction 

SCHEME 35  Enantioselective heterogeneous catalytic hydrogenation of (Z)-α-acetamidocinnamic 
acid on a phosphotungstic acid (PTA) anchored alumina-supported chiral Rh-complex.

SCHEME 36  Enantioselective heterogeneous catalytic hydrogenation of unsaturated carboxylic 
acid derivatives on a self-supported Rh coordination polymer.

SCHEME 37  Asymmetric hydrogenation of CC bond of isophorone on Pd catalysts using (S)-
proline as a chiral modifier.
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mechanism involves the racemic or near-racemic hydrogenation of isophorone 
to (±) 3,3,5-trimethylcyclohexanone (TMCH) and it has been confirmed that 
the enantiodifferentiation is mainly based on a secondary kinetic resolution of 
the hydrogenation products. It was reported that the use of supports with high 
basicity (SrCO3, CaCO3, BaCO3) further enhanced the ee values up to 99%, 
albeit the system was limited to low yields (< 50%) as a result of secondary 
kinetic resolution.139 Later a homogeneous version of the kinetic resolution was 
proposed.140, 141 Other studies also confirmed that basic supports such as MgO 
gave moderate yields (43%) but excellent ee values, up to 95%.142, 143 It was 
also reported that structural changes implemented to the proline structure usu-
ally resulted in a decrease in enantioselectivity and at the same time this study 
provided experimental evidence for the role of the catalyst in the enantioselec-
tion.144 These observations were confirmed by another report.137

In contrast to the above studies that used proline in stoichiometric amount, 
Watson et al. carried out this hydrogenation using catalytic amount of proline-
based surface-tethered chiral modifiers (Scheme 38) although the reaction 
resulted in rather low ee values.145

As an extension of the proline-based studies, several other catalysts have 
been prepared and applied in the reaction, including a chirally imprinted 
metallo-organic hybrid Pd catalyst (up to 16%ee),41 Ni-Al-Cr alloy (race-
mic),146 or polymer-supported Pd (up to 40%ee, polymer: poly(vinyl-pyridine) 
(PVP), aminomethylated polystyrene (AMPS), Amberlyst-OH (AOH)).147 A 
recent study investigated a broad range of noble metal (Pd/C, Pt/C, Ir/C, Ru/C, 
Pd/SiO2, Pt/SiO2, Ir/SiO2, Ru/SiO2), and nonnoble metal catalysts (Raney Ni, 
Raney Co, Raney Cu, Raney Fe, Ni/SiO2, Co/SiO2, Cu/SiO2, Fe/SiO2).

148 Other 
investigations focused on the clarification of the mechanistic details using in 
situ spectroscopic and catalytic tools. The data provided strong evidence for 
the existence of two competing enantioselective processes leading to opposing 
enantioselection.149

3.10.4  Aldol-reaction and related chemistry

The aldol reaction and its related transformations have been established as a 
major tool for the formation of carbon-carbon bonds. A variety of methods have 
been developed to perform these reactions in an enantioselective fashion. Most 
of the reactions rely on the use of a homogeneous catalyst and the field has been 
reviewed regularly.150, 151 The reactions below use a heterogeneous catalyst, a 
system much less frequently investigated compared to the homogeneous variant.

SCHEME 38  Proline-based surface-tethered chiral modifiers for the Pd-catalyzed asymmetric 
hydrogenation of isophorone.
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3.10.4.1  Aldol reactions

The enantioselective aldol addition of cyclohexanone to substituted benzalde-
hydes has been used in several studies as test reaction for the performance of a 
variety of heterogeneous catalysts in aldol chemistry. The results of these stud-
ies are summarized in Table 5.

As can be seen in Table 5 most catalysts (entries 1–5) used for aldol reac-
tions are amines typically used in homogeneous catalytic systems that were 
heterogenized by binding them to polymer or inorganic support materials, 
respectively. Exceptions are the chiral covalent organic frameworks (CCOF, 
Table 5 entry 6) and lipidic cubic phases (LCP, Table 5 entry 8). While the chi-
tosan aerogel (AG) used in Table 5 entry 7 is made from a naturally occurring 
resource, chitosan is usually applied as support material only, its direct use as a 
catalyst is yet to be explored in detail.

Ma et al. used a cinchona derivative as an organocatalyst tethered to alumi-
num phosphate (AIP@QNPC) as a heterogeneous system for the asymmetric 
aldol addition of cyclohexanone and different benzaldehydes (Table 5 entry 1). 
The products were obtained in high yields in most cases and with high enan-
tiomeric excesses and syn/anti ratios.152 The catalytic system could be reused 
10 times without losing its activity and selectivity. The same reaction was per-
formed by the group of Cui using a proline functionalized polystyrene as cata-
lyst (Table 5 entry 2). The reaction was best performed in a water/petroleum 
ether mixture providing medium to good yields and selectivities.153 Catalyst 
recycling was possible in three subsequent reactions. The application of proline  
bound to a helically chiral polyacetylene for the aldol addition of 
p-nitrobenzaldehyde and cyclohexanone in water as solvent was described by 
Deng and coworkers (Table 5 entry 3).154 Unfortunately only one reaction was 
described with this interesting approach and the recyclability was not tested. A 
broader substrate scope was obtained by the group of Ma using a co-polymer of 
cinchonine and acrylonitrile in water (Table 5 entry 4).155 Mostly good yields 
with excellent selectivities were obtained and catalyst recycling was tested in 
seven consecutive runs without loss of activity. Sadiq and his coworkers were able 
to prepare a heterogeneous catalyst for the aldol reaction of cyclohexanone and 
benzaldehyde by grafting different amino acids onto graphene (Table 5 entry 5).156  
The reaction was best performed using alanine as the amino acid and water 
as the solvent. Up to five runs with the same catalyst were possible without a 
significant drop in catalytic activity. Cui and Liu and their groups developed 
a chiral covalent organic framework (CCOF) which is effective as catalyst for 
the aldol reaction between different nitrobenzaldehydes and cyclohexanone 
(Table 5 entry 6).157 Although the obtained yields are good in general, the enan-
tioselectivities were low for certain examples. DMF was used as a co-solvent to-
gether with water and the catalyst was recycled five times with only a small loss 
in activity. A variety of aldehydes and cyclohexanone derivatives were coupled 
using chitosan aerogel beads in water as catalytic system (Table 5 entry 7).158 
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TABLE 5  Heterogeneous catalytic enantioselective aldol reaction of cyclohexanone with substituted benzaldehydes.

Entry Catalyst Conditions Product Yield (%) Anti/syn %ee Recycl. Ref.

1 AIP@QNPC (5 mol%) H2O, RT 12–98 82:18–95:5 87–98 10 times 152

2 L-Pro@PS PE/H2O, RT 45–92 57:43–92:8 64–94 3 times 153

3 L-Pro@chiral polyacetylene 
(5 mol%)

H2O, RT 76 78:22 80 n/a 154

4 CN-derivate@poly 
acrylonitrile (7.5 mol%)

H2O, RT 18–98 39:61–98:2 61–99 7 times 155
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5 L-Ala@graphene H2O, 40°C 85 87:13 94 5 times 156

6 CCOF DMF/H2O, 
RT

77–97 50:50–90:10 14–96 5 times 157

7 Chitosan AG H2O, RT 10–95 53:47–87:13 15–85 4 times 158, 159

8 LCP H2O, RT 35–100 66:34–90:10 67–93 5 times 160

AIP@QNPC-cinchona derivative as organocatalyst tethered to an aluminiumphosphate; PS, polystyrene; CCOF, chiral covalent organic framework; AG, aerogel; LCP, lipidic cubic 
phases.
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A broad range of yield and selectivity was observed and was dependent on the 
substrates used. The authors could prove the recyclability of the catalyst in four 
reactions without change in activity and selectivity. The group of Landau devel-
oped lipidic mesophases (LCP) as reactors for the asymmetric aldol reaction of 
cyclohexanone with benzaldehydes in water (Table 5 entry 8).160 The catalyst 
could be reused five times giving the desired product in medium to excellent 
yield as well as enantioselectivity and syn/anti ratios.

Another test reaction used to characterize solid catalysts for the aldol-reaction 
is between benzaldehydes and acetone as reaction partners (see Table 6). As in 
the previous examples the catalysts used are made by immobilizing a usually 
homogeneous organocatalyst to a heterogeneous support material thus creating 
the desired catalytic system.

The group of Yin was able to fix L-Proline on to a graphene oxide support 
(L-Pro@GO) for the aldol reaction of acetone with a selection of benzaldehydes 
bearing an electron-withdrawing group (Table 6 entry 1).161 The reactions were 
performed using acetone as the reactant and solvent in-one thus eliminating 
the need for an additional solvent. Medium to good enantioselectivities were 
obtained and the catalytic system was reused seven times without a drop in 
yield and selectivity being observed. A very similar substrate scope was inves-
tigated by Liu et al. using a catalyst consisting of a cinchonine-proline adduct 
immobilized on a polyoxometalate (D-P-cinchonine@POM).162 Although the 
yields and selectivities that were obtained are comparable to the L-Pro@GO 
system, the catalyst could only be recycled twice before a notable loss in yield 
and an increase in reaction time was observed. The group of Fülöp developed 
a heterogeneous catalyst based on a peptide covalently bound to polystyrene 
resin.163 The catalyst was successfully applied in the aldol reaction of acetone 
with different benzaldehydes in a flow reactor (Table 6 entry 3). The yields ob-
tained were good for most substrates and the catalyst performed better in a flow 
system compared to the traditional batch approach. Twenty reaction cycles were 
performed with the flow system without a drop in yield and selectivity.

Pericas and his co-workers developed a heterogeneous catalyst for the 
Robinson annulation of cyclic 1,3-diketones with vinyl ketones also under con-
tinuous flow conditions.164 The catalyst consisting of a polymer-bound amine 
was able to produce the desired cyclized products in high yields and excellent 
enantioselectivities (Scheme 39). The researchers showed that the catalyst could 
be recycled 10 times without a change in its activity. The environmentally be-
nign solvent 2-methyltetrahydrofuran (2-MeTHF) was used for the transforma-
tion further decreasing the environmental impact of the reaction.

Pothanagandhi and Vijayakrishna synthesized several chiral poly(ionic liq-
uids) (PIL-resins) and used them as catalyst for the Baylis-Hillman reaction 
between methyl-vinyl ketones and p-nitrobenzaldehyde (Scheme 40).165 The 
reaction was best performed under solvent-free conditions giving yields of up 
to 94%. Unfortunately, the obtained enantiomeric excess was low. The catalyst 
could be recycled up to four times while maintaining its catalytic activity.
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TABLE 6  Heterogeneous catalytic enantioselective aldol reaction of acetone with substituted benzaldehydes.

Entry Catalyst Conditions Product Yield (%) %ee Recycl. Ref.

1 L-Pro@GO Acetone, 30°C 43–96 55–79 7 times 161

2 D-P-cinchonine@POM Acetone, RT 67–90 57–80 2 times 162

3 Pro-Pro-Asp-NH-resin Acetone, RT, continuous 
flow (0.1 mL/min, 60 bar)

27–99 70–80 20 times 163

EWG, electron withdrawing group; GO, graphene oxide; POM, polyoxometalate.
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Multipurpose Box and aza-Box-based complexes have been reported as 
effective immobilized asymmetric catalysts.166 Box and azaBox-Cu(II) com-
plexes immobilized on polystyrene have been found as highly active and selec-
tive catalysts for the Mukaiyama aldol reaction (Scheme 41).167 The reaction 
provided widely varied yields and selectivities depending on the experimental 
conditions. The catalyst showed stable activity and selectivity in two consecu-
tive reactions, further recycling was not studied.

3.10.4.2  Michael additions

Michael reactions represent another important transformation to form CC 
bonds. The results of enantioselective Michael addition using nitrostyrene and 
various carbonyl compounds are summarized in Table 7.

SCHEME 39  Robinson annulation of cyclic 1,3-diketones with vinyl ketones under continuous 
flow conditions catalyzed by a polymer-bound amine.

SCHEME 40  Baylis-Hillman reaction between methyl-vinyl ketones and p-nitrobenzaldehyde 
catalyzed by chiral poly(ionic liquids) (PIL-resins).

SCHEME 41  The Mukaiyama aldol reaction of α-ketoesters and 1-phenyl-(trimethylsilyloxy)eth-
ene catalyzed by Box and azaBox-Cu(II) complexes immobilized on polystyrene.
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TABLE 7  Heterogeneous catalytic enantioselective Michael reactions of nitrostyrene with carbonyl compounds.

Entry Catalyst Conditions Product Yield (%) Syn/anti %ee Recycl. Ref.

1 DUT-67-proline 
(5 mol%)

iPrOH/EtOH, 50°C 93 96:4 38 5 times 168

2 L-Pro-Lap RD CHCl3/EtOH (9:1), RT 86–99 91:9–97:3 25–92 3 times 169

3 Poly(St-co-ProTMS-
co-AA) HBs(a) 
(15 mol%)

CHCl3, RT 86–98 81:19–93:7 93–99 4 times 170

Continued
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Entry Catalyst Conditions Product Yield (%) Syn/anti %ee Recycl. Ref.

4 Tfp2-COF (10 mol%) EtOH/H2O, RT 92–95 94:6 85–86 5 times 171

5 SQ-supp. chiral 
pyrrolidine

Neat, RT 85–91 97:3–99:1 95–98 4 times 172

6 JH-CPP EtOH/H2O (1:1), RT 67–99 74:26–97:3 93–99 2 times 173

DUT, a proline-modified zirconium-based metal organic framework; L-Pro-Lap, L-proline absorbed on laponite; Poly(St-co-ProTMS-co-AA) HBs, hollow nanospheres made 
of a copolymer containing a proline derivative; COF, covalent organic framework; SQ, supp. chiral pyrrolidine; JH-CPP, Jørgensen-Hayashi catalyst embedded in porous 
polymer.

TABLE 7  Heterogeneous catalytic enantioselective Michael reactions of nitrostyrene with carbonyl compounds—cont’d
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Senkovska, Kaskel and their co-workers developed a proline-modified 
zirconium-based metal organic framework (Zr-MOF) for the Michael reaction 
of cyclohexanone with nitrostyrene (Table 7 entry 1).168 The reaction could be 
performed in the environmentally benign solvent EtOH/iPrOH and the catalyst 
could be recycled five times. Even though the system gave high yield and dia-
stereoselectivity (syn vs. anti), its application is limited by the fact that only one 
substrate was tested and the enantioselectivity obtained was rather low. Szöllösi 
et al. described the use of proline absorbed on laponite for the Michael addition 
of different aldehydes and ketones to nitrostyrene (Table 7 entry 2).169 Although 
the yield and diastereoselectivity was high for all substrates tested, several re-
actions resulted in only low enantioselectivity. Reusability tests showed that 
the catalyst loses its activity after three runs although the stereoselectivity is 
maintained. When additional proline was added, the activity of the catalyst 
was restored leading to the assumption that leaching of the proline is the major 
cause of the activity loss. Another drawback of the reaction system is the use 
of chloroform as part of the solvent system. Chloroform was also used by the 
group of Ma for the Michael addition of propanal with different substituted 
nitrostyrenes (Table 7 entry 3).170 The catalytic system used consisted of hollow 
nanospheres made of a copolymer containing a proline derivative (Poly(St-co-
ProTMS-co-AA) HBs(a)). The system performed well with respect to yield and 
stereoselectivity of the transformation and was recyclable four times before a 
drop in diastereoselectivity was observed. A chiral covalent organic framework 
containing pyrrolidine units (Tfp2-COF) was used for the Michael addition of 
cyclohexanone with some substituted nitrostyrenes (Table  7 entry 4).171 The 
reaction could be performed in water/ethanol mixture and the products were 
obtained in high yields and stereoselectivities. Recycling of the catalyst was 
possible five times without loss of activity. A chiral pyrrolidine bridged poly-
hedral oligomeric silsesquioxane (SQ-supp. chiral pyrrolidine) was developed 
for the same reaction (Table  7 entry 5).172 With a similar substrate scope as 
described earlier, the authors obtained high yields with excellent stereoselectivi-
ties. No solvent was used, and the catalyst could be recycled four times with just 
a slight decrease in activity. The group of Wang developed a porous polymer 
with an embedded Jørgensen-Hayashi catalyst (JH-CPP) for the enantioselec-
tive Michael-addition of different aldehydes and several nitrostyrenes (Table 7 
entry 6).173 The system works well with ethanol/water mixture as solvent pro-
ducing good to excellent yields and stereoselectivities. Recycling experiments 
showed that while the stereoselectivity was maintained for four runs, the yield 
of the reaction dropped significantly after the second use.

The group of Ma showed that their cinchona-derived catalyst (AIP@QNPC) 
is not only able to perform the aldol-addition but can also be used for a cas-
cade Michael reaction of unsaturated ketones with nitrostyrenes.152 The reaction 
yielded the desired cyclic products in good yields and high enantio- and diatere-
oselectivities (Scheme 42). Unfortunately, toluene had to be used as solvent in 
order to perform this interesting tandem reaction.
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Shaikh et al. used chiral ferrites in carbon nanotubes as nanoscale reaction 
vessels (MNP-L1/CNT) as catalyst in the intramolecular oxa-Michael addition 
of chalcones.174 The catalyst was prepared by treating the ferrite material with 
a chiral phosphoric acid to obtain the cyclic products in high yields and enanti-
oselectivities (Scheme 43). The catalyst could be easily recycled due to its mag-
netic properties and reused without loss of activity. The fact that chlorobenzene 
had to be used at 100°C increases the environmental impact of the reaction.

The aza-Michael addition of amines to an unsaturated amide was carried 
out using a chiral silica hybrid catalyst containing (S)-BINOL units (Scheme 
44).175 While the yield obtained for the reaction was high in all cases the reac-
tion suffers from a low enantioselectivity in some cases and the required use of 
dichloromethane as solvent. Unfortunately, the absolute configuration of the 
product was not determined and no information about the recycling of the cata-
lyst is given.

Kobayashi et  al. developed a polystyrene-supported chiral oxopyridinium 
phase transfer catalyst for the Michael addition of imines to unsaturated ketones 

SCHEME 43  An enantioselective intramolecular oxa-Michael addition of chalcones catalyzed by 
chiral ferrites in carbon nanotubes as nanoscale reaction vessels (MNP-L1/CNT).

SCHEME 42  An enantioselective cascade Michael reaction of unsaturated ketones with nitrosty-
renes catalyzed by a cinchona-derived catalyst.

SCHEME 44  The enantioselective aza-Michael addition of amines to an unsaturated amide cata-
lyzed by a chiral silica hybrid catalyst containing (S)-BINOL.
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(Scheme 45).176 While the reaction performed well, using a rather unusual im-
ine substrate that gave the products in high yields and enantioselectivities, the 
environmental impact of the solvent mesitylene should not be neglected. The 
catalyst can be easily recovered and recycled five times without losing its activ-
ity and enantioselectivity.

3.10.4.3  Henry reactions

Novakova et al. synthesized a supported diamine-copper complex for the asym-
metric Henry reaction between nitromethane and 2-methoxybenzaldehyde.177 
The reaction proceeds with good yield and moderate enantioselectivity. While 
the authors tested a variety of benzaldehydes for a homogeneous version of the 
catalyst, the heterogeneous version was only investigated for this one substrate 
(Scheme 46). The catalyst was shown to be recyclable four times before a de-
crease in activity was observed. The reaction was performed in isopropanol as 
green solvent. Depending on the configuration of the diamine used, both enan-
tiomers of the product can be synthesized.

The group of Cui synthesized a chiral covalent organic framework contain-
ing amine binding sites able to coordinate a copper atom (CCOF-TpTab-Cu). 
The material could not only be used for enantioselective sensing of saccha-
rides but was also shown to be useful as catalyst for the Henry reaction of  
p-bromobenzaldehyde and nitromethane.178 Although the catalyst was able to 
perform the addition reaction with yields up to 90%, the best enantiomeric ex-
cess (31%ee) was obtained at low conversions (Scheme 47). Mesitylene was 
used as the solvent leaving room for improvement with regard to the greenness 
of the reaction. A related, pyridine-based chiral ionic covalent organic frame-
work has also been applied in the Henry reaction with similar success.179

SCHEME 45  A polystyrene-supported chiral oxopyridinium phase transfer catalyst-promoted 
Michael addition of imines to unsaturated ketones.

SCHEME 46  A resin-supported chiral diamine-copper complex for the asymmetric Henry reac-
tion between nitromethane and 2-methoxybenzaldehyde.
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A chiral covalent organic framework containing palladium nanoparticles 
was used as a catalyst for the Henry reaction of benzaldehydes by Ma et al.180 
The reaction yielded a broad variety of the desired products, with several differ-
ent substituents on the aromatic ring, in excellent yields and enantioselectivities 
(Scheme 48). The reaction was performed in ethanol as a green solvent at ambi-
ent temperature and the catalyst could be recycled up to five times with only 
minimal loss of activity.

3.10.5  Multicomponent and various other reactions

3.10.5.1  Multicomponent reactions

The group of Ma developed a heterogeneous catalyst consisting of a Jørgensen-
type catalyst anchored on hollow polyacrylamide spheres.181 The catalyst 
proved to be effective for the three-component coupling of cinnamaldehyde, ni-
trostyrenes, and aliphatic aldehydes by an organocascade reaction. The desired 
cyclohexene derivatives were obtained in moderate yields with excellent en-
antioselectivities and good diastereomeric ratios (Scheme 49). The catalyst 
could be reused in five consecutive cycles without losing its catalytic activity 
or selectivity.

Fedorova et al. showed that the asymmetric Biginelli reaction can be cata-
lyzed by nanosized metal oxide particles and a proline-derived chiral modifier.182 
The desired product was obtained in good yield and moderate enantioselectivity 
(Scheme 50). The authors showed that several factors such as particle size of the 
catalyst, water content of the solvent or the order of addition played a critical 
role for the performance of the reaction. While the catalyst could be recycled 
multiple times, the yield dropped significantly after the third run.

SCHEME 47  A chiral covalent organic frameworks (CCOF-TpTab-Cu)-catalyzed enantioselec-
tive Henry reaction of p-bromobenzaldehyde and nitromethane.

SCHEME 48  The enantioselective Henry reaction of benzaldehydes with nitromethane catalyzed 
by a chiral covalent organic framework containing palladium nanoparticles.
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Ghomia and Zahedi developed an enantioselective Mannich reaction of cy-
clohexanone, various substituted aromatic amines, and aromatic aldehydes.183 
The authors applied ultrasounds or microwave irradiation, respectively, to en-
hance the reaction rate as well as the selectivity. Fe3O4-L-proline nanoparticles 
were applied as the chiral catalyst in EtOH as a green solvent (Scheme 51). 
The inexpensive, magnetic catalyst was easily recyclable with a simple exter-
nal magnet. Reusability, eco-friendly solvent, short reaction times, high yields, 
and easy workup make this protocol an environmentally benign alternative to 
traditional methods.

SCHEME 49  The enantioselective three-component coupling of cinnamaldehyde, nitrostyrenes, 
and aliphatic aldehydes catalyzed by a Jørgensen-type catalyst anchored on hollow polyacrylamide 
spheres.

SCHEME 50  An asymmetric Biginelli reaction catalyzed by nanosized metal oxide particles and 
a proline-derived chiral modifier.

SCHEME 51  Application of a magnetic Fe3O4-L-proline nanoparticles (NPs) as chiral catalyst for 
the enantioselective Mannich reaction of cyclohexanone, aromatic amines, and aromatic aldehydes.
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3.10.5.2  Cascade and tandem reactions

The group of Córdova developed a bifunctional SiO2-supported catalyst for a 
conjugate addition, ring closing cascade reaction of cinnamaldehydes and al-
kynes.184 In order to obtain the desired products the researchers modified the 
SiO2 surface with a Jørgensen-type organocatalyst to promote the Michael ad-
dition and a Pd-center allowing for the ring closing reaction to take place. The 
reaction afforded tetrasubstituted cyclopentenes in moderate yields and high en-
antio- and diastereoselectivities (Scheme 52). Unfortunately, the reaction had to 
be performed in chloroform in order to obtain reasonable yields, thus increasing 
the environmental impact of the procedure. Recycling studies showed limited 
recyclability due to the leaching of the chiral amine from the catalyst.

The one-pot tandem Suzuki coupling/ketone reduction reaction of arylbo-
ronic acids with iodoacetophenones was achieved by using a bimetallic (Pd/Ru)  
hyperbranched polyethoxysiloxane (Pd/Ru@hPES) catalyst.185 The reaction 
gave mostly excellent yields and enantioselectivities with sodium formate as 
hydrogen transfer agent and water/ethanol mixture as a solvent (Scheme 53).  
No decrease in yield was observed in the first four reuses of the catalyst, after 
that a slight decline in performance was detected. The decreased in yield was 
attributed to the leaching of Ru from the system as the keto-compound was ob-
tained instead of the alcohol.

A bifunctional heterogeneous catalyst containing basic sites as well as Rh 
centers on mesostructured silica nanoparticles (DABCO/Rh@MSNs) was used 
by Liao et al. to catalyze the tandem ketone reduction followed by cyclization or 
substitution.186 The reaction starts with the asymmetric transfer hydrogenation 

SCHEME 52  The enantioselective conjugate addition-ring closing cascade reaction of cinnam-
aldehydes and alkynes catalyzed by bifunctional SiO2-supported Jørgensen-type organocatalyst.

SCHEME 53  The one-pot tandem Suzuki coupling/ketone reduction of arylboronic acids with 
iodoacetophenones catalyzed by a bimetallic (Pd/Ru)-doped hyperbranched polyethoxysiloxane 
(Pd/Ru@hPES).
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to reduce the ketone followed by the cyclization to form the epoxide in the ab-
sence of an additional nucleophile. If a nucleophile is present, substitution takes 
place instead (Scheme 54). The cyclization pathway can be shut down when the 
catalyst is prepared without the basic sites.187

Szöllösi et al. described the enantioselective reduction/cyclization cascade 
reaction to form 3-hydroxy-3,4-dihydroquinolin-2(1H)-ones using a Pt/Al2O3 
catalyst modified with a cinchonidine derivative (dHMCD@Pt/Al2O3).

188 
Starting from 2-nitro-phenylpyruvates the desired products were obtained in 
good yields and high enantioselectivities after two reduction and one cycliza-
tion steps (Scheme 55).

The group of Liu performed several studies regarding the tandem reduction-
lactonization of ethyl 2-acylarylcarboxylates to generate phthalides. The au-
thors described the use of both nanospheres functionalized with Rh189, 190 as 
well as Ru115 (Rh@MSN or Ru@MSN) to perform the desired reaction. The 
products were obtained in high yields and enantioselectivities using aqueous 
solvent systems (Scheme 56).

SCHEME 54  Basic sites and Rh centers-containing mesostructured silica nanoparticles (DABCO/
Rh@MSNs)-catalyzed enantioselective tandem ketone reduction followed by cyclization or 
substitution.

SCHEME 55  An enantioselective reduction/cyclization cascade of 2-nitro-phenylpyruvates to 
form 3-hydroxy-3,4-dihydroquinolin-2(1H)-ones catalyzed by a Pt/Al2O3 modified with a cinchoni-
dine derivative (dHMCD@Pt/Al2O3).

SCHEME 56  The enantioselective tandem reduction-lactonization of ethyl 2-acylarylcarboxylates 
to phthalides catalyzed by nanospheres functionalized with Rh or Ru (Rh@MSN or Ru@MSN).
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3.10.5.3  Other reactions

The chiral phosphonate MOF developed by Chen et  al. for the oxidation of 
sulfides also proved to be effective for the allylboration and propargylation of 
aldehydes (Scheme 57), as well as the Friedel-Craft alkylation of pyrrole with 
nitrostyrenes (Scheme 58).30 Recycling studies were performed for the catalyst 
and indicated that no catalyst degradation took place even after 10 runs.

Ansari et al. developed an enantioselective heterogeneous catalytic Strecker 
reaction using quinine thiourea catalyst bound to SBA-15 support (SBA-
Qnthio).191 A variety of isatin N-Boc ketimines were submitted to the reaction 
and yielded the desired products in high yields and enantioselectivities (Scheme 
59). However the reaction uses TMSCN, a nongreen reagent, and CH2Cl2 as a 
solvent that should be avoided, if possible. The catalyst was found to be recy-
clable five times without losing its activity or selectivity.

The group of Wang described the heterogeneous Diels-Alder reaction of 
cinnamaldehydes with cyclopentadiene using a MacMillan-type catalyst-
containing chiral nanoporous organic polymer (Mac-CPOP).192 The reaction 
performed well using a water-methanol mixture as solvent yielding the de-

SCHEME 57  The enantioselective allylboration and propargylation of aldehydes catalyzed by a 
chiral phosphonate MOF.

SCHEME 58  Enantioselective Friedel-Craft alkylation of pyrrole with nitrostyrenes catalyzed by 
a chiral phosphonate MOF.

SCHEME 59  An enantioselective heterogeneous catalytic Strecker reaction of isatin N-Boc keti-
mines and TMSCN catalyzed by a quinine thiourea catalyst bound to SBA-15 support (SBA-Qnthio).
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sired bicyclic compounds in high yields and enantioselectivities (Scheme 60). 
Unfortunately, the exo and endo products were obtained in equal ratios for most 
products described. The catalyst could be recycled and only showed a slight 
decrease in activity over the course of six runs.

Zhu et al. developed a chiral thiourea-based catalyst for the Mannich-type 
reaction of α-amidosulfones with dibenzyl malonate.193 The thiourea catalyst 
was grafted onto magnetic nanoparticles allowing for the easy separation of the 
catalyst after the reaction. The Mannich product was obtained in high yields 
and enantioselectivities after initial formation of an imine by loss of the sulfone 
moiety (Scheme 61). Depending on the configuration of the stereogenic centers 
in the catalyst both enantiomers of the product could be obtained selectively. 
Recycling experiments showed that both yield and enantioselectivity remained 
stable in 15 consecutive runs.

The group of Kobayashi investigated the coupling reaction of aryl boronic 
acids with nitrostyrenes using polymer-incarcerated Rh nanoparticles in a cross-
linked polystyrene (PI/CB Rh/Ag) and a chiral amide ligand.194 The products 
were obtained in mostly high yields and excellent enantioselectivities using a 
toluene-water mixture as solvent (Scheme 62). Only a low catalyst loading of 
1 mol% was needed and the catalyst could be recycled up to five times, albeit 
with gradually decreasing yield.

Dong, Liu and Cui synthesized chiral porous organic framework (cPOF)-
containing coordinated Rh units and showed that it can be used as heteroge-
neous catalyst for the coupling of arylboronic acids to 2-cyclohexenone.195 
Although the desired products were obtained mostly in high yields and enan-
tioselectivities, the reaction had to be performed in a dioxane-water mixture 

SCHEME 60  An enantioselective heterogeneous catalytic Diels-Alder reaction of cinnamalde-
hydes with cyclopentadiene using a MacMillan-type catalyst-containing chiral nanoporous organic 
polymer (Mac-CPOP).

SCHEME 61  A heterogeneous catalytic enantioselective Mannich-type reaction of α-amidosulfones 
with dibenzyl malonate catalyzed by a magnetic nanoparticles-supported chiral thiourea.
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containing 50 mol% KOH, increasing the environmental impact of the system 
(Scheme 63). The recycling experiments showed that while it was possible to 
reuse the catalyst, in order to preserve its activity, additional Rh-salt had to be 
added in each subsequent run.

The group of Dong reported that their Pd-loaded homochiral covalent or-
ganic framework (Pd@CCOF) can not only be used for the asymmetric Henry 
reaction but also for the reductive Heck reaction of 2-cyclohexenones with aro-
matic halides.180 The reaction gave high yields and enantioselectivities for a 
variety of aromatic substrates in a green, ethanol-water mixture as the solvent 
(Scheme 64). Recycling experiments showed that the catalyst could be recycled 
up to five times with only a minimal loss in activity and selectivity.

Chiral imines are important compounds, particularly in medicinal chemistry 
applications, and their environmentally benign synthesis attracted significant at-
tention. Ellman et al. described the synthesis of chiral tert-butylsulfinylimines, 
commonly used as chiral auxiliaries for the synthesis of chiral amines.196The 
authors described their method to be as effective as other similar protocols to 

SCHEME 62  An enantioselective heterogeneous catalytic coupling reaction of aryl boronic acids 
with nitrostyrenes catalyzed by cross-linked polystyrene-incarcerated Rh/Ag nanoparticles (PI/CB 
Rh/Ag) and a chiral amide ligand.

SCHEME 63  A chiral porous organic framework (cPOF) containing coordinated Rh units-promoted 
heterogeneous catalytic enantioselective coupling of arylboronic acids to 2-cyclohexenone derivatives.

SCHEME 64  A Pd-loaded homochiral covalent organic framework (Pd@CCOF)-catalyzed asym-
metric reductive Heck reaction of 2-cyclohexenones with aromatic halides.
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produce chiral amine-containing precursors and more complex products.197–199 
A heterogeneous catalytic alternative by a simple sonochemical protocol was re-
ported by Appa et al. for the synthesis of tert-butylsulfinylimines from various al-
dehydes under solvent-free conditions.200 The authors prepared a silica-supported 
p-toluenesulfonic acid (p-TSA/SiO2) as an efficient, safe, and inexpensive cata-
lyst for the reaction (Scheme 65). The process took place with the complete 
retention of the original stereochemistry in the case of both enantiomers.

Popa et al. reported a continuous-flow protocol for the asymmetric allylic 
amination of racemic enolic acetates using a phoshinoxazoline-Pd catalyst im-
mobilized on a resin support (Scheme 66).201 The resin-immobilized complex 
was prepared using click chemistry and was efficiently applied in the allylic 
amination. The microwave-assisted version of the reaction was particularly 
efficient.

SCHEME 65  A silica-supported p-toluenesulfonic acid (p-TSA/SiO2)-catalyzed synthesis of  
chiral sulfinylimines.

SCHEME 66  Asymmetric allylic amination of racemic enol acetates by a resin-supported 
phosphinooxazoline-Pd catalyst.
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Balu et al. reported a microwave-assisted one-step cyclization/hydrogena-
tion process for the synthesis of menthols via the transformation of citronellal to 
the target compounds (Scheme 67).202 The reaction was carried out in a one-pot 
manner using microwave irradiation to activate the system. The authors used Pt 
nanoparticles supported on Ga-doped MCM-41, a mesoporous material, as a 
catalyst. Using (+)-citronellal as the substrate, the protocol provided (−)-men-
thol with high diastereoselectivities. The catalyst preparation was optimized as 
well and the 2% Pt/Ga-MCM-41 was found to exhibit the best performance. The 
reaction was also carried out with enantiomerically pure (+)-citronellal leading 
to a 55% maximum selectivity to (−)-menthol. The enantioselectivity was en-
hanced by the addition of cinchonidine; in this case (−)-menthol was obtained 
with up to a 75%ee. The catalyst was highly stable under the reaction conditions 
and was found to be reusable.

Beletskaya et al. prepared a new proline-based heterogeneous catalyst for 
the addition of aliphatic aldehydes to azodicarboxylates (Scheme 68).203 The 
catalyst was synthesized by anchoring α,α-bis[bis-3,5-(trifluoromethyl)phenyl]
prolinol silyl ether onto polystyrene. It was found to be ideal for this transfor-
mation providing the products in high yields (up to 96%) and nearly exclusive 

SCHEME 67  Application of Pt supported on Ga-doped MCM-41 in an asymmetric hydrogen 
transfer/cyclization of (+/−)-citronellal to (S)-isomenthol.

SCHEME 68  A microwave-assisted enantioselective heterogeneous catalytic addition of aliphatic 
aldehydes to azodicarboxylates promoted by a polystyrene-anchored proline-based chiral organo-
catalyst (PS, polystyrene).
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enantioselectivity (up to 99%). In addition, the catalyst could be recycled in 
three subsequent runs without any loss of its performance.

The enantioselective addition of carbene equivalents to alkenes readily 
yields chiral cyclopropanes204–206 while the similar reactions with nitrene pre-
cursors result in the formation of aziridines,207, 208 both are important building 
blocks.

Although most cyclopropanation reactions are catalyzed by homogeneous 
catalysts, extensive studies have been carried out over the years to develop het-
erogeneous catalytic alternatives for these reactions.209, 210 The most common 
modifier in heterogeneous applications is the immobilized bis(oxazoline) (Box)-
based ligands in the form of Cu-complexes.211 The reaction is usually carried 
out with alkenes and diazocompounds (ethyl diazoacetate is the most common) 
(Scheme 69). These complexes have been immobilized on a large variety of 
supports, such as mesoporous silica,212 laponite clay,213–216 HPA-silica,217 sil-
ica,218 or polymers.219, 220 In fact, this cyclopropanation is a commonly applied 
test reaction for these immobilized complex-containing catalysts. Interestingly, 
some derivatives (e.g., copper-pyridineoxazoline, Cu-pyox) are poor catalysts 
in homogeneous cyclopropanations, however, the immobilization of the com-
plex significantly improves the enantioselectivity, up to sevenfold compared to 
that of the homogeneous Cu-pyox catalysts.221 The solid cyclopropanation cata-
lysts were found generally recyclable, in many cases they remained catalytically 
stable in 14 reaction cycles maintaining their activity and selectivity.205

The above described immobilized CuBox-complexes have been applied in a 
similar reaction of alkenes using a nitrene analog, such as TosN = IPh, to produce 
aziridines (Scheme 70).222 The complex was anchored to an anionic support 
using a laponite clay. Although the reaction is important and the catalyst was 
found to be recyclable, the moderate enantioselectivities render the process as 
impractical at this point. Another clay, K-10 montmorillonite was reported to ef-
ficiently catalyze the aziridation of alkenes with ethyl diazoacetate and produce 
the cis products in high yields (up to 95%) and exclusive diastereoselectivity.223

SCHEME 69  Enantioselective heterogeneous catalytic cyclopropanation of alkenes with ethyl 
diazoacetate promoted by a silica-supported heteropoly acid anchored copper-bis(oxazolidine) 
complex.
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3.10.6  Conclusions and outlook

In light of the above-mentioned works, the field of heterogeneous asymmetric 
catalysis has enjoyed extensive attention in the past two decades. It does not 
only apply to fields that are traditionally strong within heterogeneous catalysis 
(i.e., catalytic hydrogenation) but also to important areas of organic synthesis 
that used to be rooted in homogeneous catalysis (i.e., aldol reaction, Michael 
addition, aziridination, etc.). This represents a desirable tendency in the de-
velopment of protocols that consider the environmental impact of these trans-
formations. Due to the lack of inherently chiral heterogenous materials most 
approaches currently under investigation involve the incorporation or fixation 
of a small chiral molecule to a heterogenous support. Future development in the 
field is likely to involve inherently chiral materials; the first promising results 
have been recently obtained using helically chiral polymers or chiral metal-
organic frameworks and related materials.
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Index

A
Acetophenone, 243, 243s

derivatives, 606, 606s
Activated carbon materials, 37
Activation energy, 4–5
Acylation, 344–355

with activated carboxylic acid derivatives, 
348–355

with carboxylic acids, 345–347
Adamantyl bromide, 341
Additives, 7
Adipic acid, 248, 248s
Adsorption, 10–11
Agitation, 14
α-ketoester hydrogenation, 610, 611t
Aldol condensation, 568–572, 569–570t
Aldol reaction, 556–558, 557t
Aldoximes, 544t, 545, 546t
Aliphatic bond formation, 459–464, 475–479
Alkyl and aryl glyceryl monoethers, 598, 598s
Alkylation, 318–344

with alcohols and ethers, 326–338
with aldehydes and ketones, 326–338
with alkyl halides, 338–341
with hydrocarbons, 318–325

Alkylcycloalkane ring opening hydrogenolysis, 
158, 161f

Alkyl halides, 186, 189t
Alkyne metathesis, 302–303
Allyl alcohols, 549–550, 550s
Allylic alcohols, 176, 176s
Allylic amination, 637, 637s
Aluminosilicates, 45–49
Aluminum oxide, 33–34
Amberlyst, 51–52, 319, 341
α-amino-amides, 479, 479s
2'-Aminobenzothiazolomethylnaphthol 

derivatives, 338, 339s
3-Aminocarbazoles, 111, 111s
2-Amino-3-cyanopyridine derivatives, 474, 

474s
2-Amino-4H-pyran derivatives, 471, 471s

3-Aminoimidazo[1,2-a]pyridines, 468, 468t
Amorphous metal alloys, 30
Aniline, 250–251, 251s
Anthraquinone, 354–355, 354s
Arenesulfonic acid functionalized SBA-15, 

545
Aromatic alkenes, cross metathesis of, 283, 

283s
Aromatic electrophilic alkylation, 318
Arylated benzimidazoles, 405, 405s
Arylated fluorenones, 404, 404s
Aryl-halides, hydrogenolysis of, 186, 187–188t
Aryl-thioethers, 431, 431s
Asymmetric synthesis, solid catalysts, 593–594

aldol reactions, cyclohexanone, 619–624, 
620–621t

cascade and tandem reactions, 632–633
Henry reactions, 629–630
hydrogenation

asymmetric hydrogenation of ketones, 
immobilized chiral organometallic 
complexes, 601–602, 603t

mono-carbonyl compounds, reduction of, 
600–614

Michael additions, 624–629, 625–626t
multicomponent reactions, 630–631
oxidation reactions

dihydroxylation, 596–597
epoxidation, 594–596

Azamacrocycle, 190–193, 193s
Azides, 117–118
Aziridines, 639, 640s

B
Batch reactors, 14
Bayer-Villiger reaction, 554–556, 555t, 594
Baylis-Hillman reaction, 622, 624s
Beckmann rearrangement reactions, 543–548, 

546t
Benzils, 604, 605s
Benzothiazoles, 250, 250s
Benzyl ethers, 169, 172–173t

Note: Page numbers followed by f indicate figures, t indicate tables, and s indicate schemes.
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Benzylimine-benzaldimine rearrangement 
reactions, 553

Biaryl ethers, 429–430, 429–430s
Biginelli reaction, 443, 450–452, 450–451t, 

497
Bioderived alkenes, 305–309
Biomass-based materials, 37
Biomass-sourced manganese, 233, 233s
Bipyridine-5-carbonitriles, 449, 449s
Bis(pyrazolyl)methanes, 457, 457s
β-ketoesters, 613, 613–614s
β-ketophosphonates, 613–614, 614s
Brønsted acid sites, 493–496, 508, 512, 520, 

524
Buchwald-Hartwig coupling reaction, 429, 

429s
Bulk metals, 28
Butyl butyrate, 176–177, 177s

C
Camphor derivative, 164–165, 165s
ε-Caprolactam, 543–544, 544t
Carbamatoalkyl naphthols, 478–479, 479s
Carbocatalysis, 57
Carbon-based supports, 35–36
Carbon-carbon multiple bond hydrogenations, 

86–96
Carbon composites, 56
Carbonyl-based multicomponent reactions

aliphatic bonds, formation of, 459–464
5-membered rings, 453–458
6-membered rings, 444–453

Carbonyl compounds, hydrogenations of, 
103–107

Catalysis
green chemistry principles, 2–3
types, 9

Catalyst poisons, 6
Catalysts

definition, 3–4
recycling, 7
regeneration, 7
reuse, 7
types, 9

Catalyst supports, 31–37
Catalytic cycle, 3–4, 4f
Catalytic hydrogenation, 85
Catalytic reactors, 14–15
Catellani reaction, 389, 389s
C–Br bond, 186
C–C bond-forming reactions

Heck coupling reactions

solvent-free reactions, 389–391
in solvents, 380–389, 381–383t
without palladium, 392–393

Hiyama coupling reactions, 407–411
Kumada coupling reactions, 414–415
Negishi coupling reactions, 411–413
Sonogashira coupling reactions, 415–424
Suzuki coupling reactions

palladium-containing reactions, 393–405, 
395–399t

without palladium, 405–407
Tsuji-Trost allylation reactions, 424–425

C–C bond hydrogenolysis, 158–167
C–Cl bond, 186
Cellulose, hydrolysis reactions of, 573–574
C–F bond, 186
C-halogen bonds, 186–190, 187–189t, 

191–192t
Chan-Lam coupling reaction, 428, 428s
Chauvin mechanism, 279
Chemical adsorption, 10–11
Chemical promoters, 7
Chemoselectivity, 7–9
Chiral covalent organic framework (CCOF), 

619–622
Chiral heterogeneous polyoxometalate metal-

organic framework, 597, 597s
Chiral imines, 636–637, 637s
Chiral porous organic framework (cPOF), 

635–636, 636s
Chitosan, 37
Chitosan-supported CuO catalyst, 426, 427s
Chitosan-supported Ni catalyst, 406–407, 

407s
Chromenopyridines, 323–324, 324s
Cinchona-modified Pd catalysts, 615, 616t
cis-alkenes, epoxidation of, 233, 234s
Claisen rearrangement, 552
Clay catalysts, 45–48
Click chemistry, 503, 637
C–N bond-forming reactions, 426–429
C–N bond hydrogenolysis, 177–186
C–O bond-forming reactions, 429–430
C–O bond hydrogenolysis, 167

allylic alcohols, photocatalytic transfer 
hydrogenolysis of, 176, 176s

benzyl ethers, 169, 172–173t
butyl butyrate, 176–177, 177s
cyclic ethers, 167, 168t, 169
cyclohexene epoxide, 169–174, 174s
1,3-dioxane, partial hydrogenolysis of, 174, 

174s
epoxide, 175, 175–176s
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3-hydroxy-4-phenylbutan-2-one, 
enantioselective synthesis of, 174, 174s

protected diol, debenzylation of, 175, 175s
simple ethers and alcohols, 169, 170–171t

Combined heterogeneous-homogeneous 
solvent-free Heck reaction, 391, 391s

Composite materials, 56–57
Coordination polymers (CPs), 511
Copper-based metal-organic framework, 

427–428, 428s
Copper complex-functionalized magnetic core-

shell nanoparticles, 545–547
Copper-free Sonogashira reactions, 416, 

417–420t
Coumarin-based 1,4-dihydropyridines, 447, 

448s
Covalent organic frameworks (COFs), 506–507
Cross-coupling reactions

C–N bond-forming reactions, 426–429
C–O bond-forming reactions, 429–430
C–S bond-forming reactions, 430–431
green chemistry applications, 379

Cross-linked chitosan-cellulose beads 
supported Pd(II) ions, 403, 403s

Cross-linked polymer-supported ionic liquid 
immobilized palladium, 424, 424s

Cross metathesis (CM), 280–287
C–S bond-forming reactions, 430–431
C–S bond hydrogenolysis

organosulfur compounds, 195, 196t, 197
Raney Ni catalyst

cispentacin precursor, 197, 197s
cysteine-perfluoroaryl thioethers, 198, 

198s
methylthioxy group, 197, 197s
thiocarbonyl group, 197, 198s

Cycliacyalkylation reactions, 356–357
Cyclic ethers, 167, 168t
Cyclization

C–C bonds, 492
C–X bonds (X being a heteroatom), 492
intermolecular cyclization reactions

Diels-Alder and hetero-Diels-Alder 
reactions, 492–496, 494–495t

five-membered rings, heterogeneous 
catalytic synthesis of, 500–508

six-membered rings, heterogeneous 
catalytic synthesis of, 497–499

intramolecular cyclization reactions, 
508–516

ring opening reactions, 517–529
Cycloalkane hydrogenolysis, 158, 159–160t
Cyclodextrins, 38–39

Cyclohexane ring opening hydrogenolysis, 158
Cyclohexanone oxime, 111, 111s
Cyclohexene epoxide, 169–174, 174s
Cyclohexyl amine, 111–112, 112s
Cyclooctene

epoxidation of, 231, 231s
ring opening/ring closing metathesis of, 

298, 298s
Cyclopentane ring opening hydrogenolysis, 

158
Cyclopropanation reactions, 639, 639s
Cyclopropane hydrogenolysis, 158, 161

and acceptor, 162, 162s
with donor, 162, 162s
gem-dimethyl norbornyl carboxylic acids, 

164, 164s
nonpeptidic cathepsin S inhibitors, synthesis 

of, 163, 163s
parallel ring opening of, 167, 167s, 174, 

174s
Pd/C catalyst, 162, 162s
tetrasubstituted cyclopropanes, 161, 161s

Cyclopropyl hydrogenolysis, 162–163, 163s, 
166–167, 166s

bicyclic cyclopropyl lactones, 161, 161s
of dual metalloprotease inhibitor 

intermediate, 163, 163s
during (–)-hamigeran B synthesis, 164, 164s
reactivity under various experimental 

conditions, 166–167, 166s
spirocyclopropyloxindoles, 167, 167s
during (+)-sulcatine G synthesis, 164, 164s

Cysteine-perfluoroaryl thioethers, 198, 198s

D
Decahydroacridinediones, 90, 90s
1-Decene, 306, 307s
Dehalogenation, 186–190
Dehydrogenation reactions, 263–268
Dehydrohalogenation, 190

alkyl halides, 186, 189t
aryl-halides, 186, 187–188t
halogenated aromatics, 190, 191–192t

Desorption, 10–11
Desoxyhypnophilin, 166, 166s
Diastereoselectivity, 7–9
Diels-Alder cyclization, 491
5,6-Dihydronucleosides, 90–91, 91s
1,4-Dihydropyrano[2,3-c]pyrazoles, 471, 472t
Dihydroxylation reactions, 235–241
Domino C–C-coupling/oxidation reaction, 

243, 243s
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E
Electrochemical oxidative cleavage, 250, 250s
Enantioselective dihydroxylation, 240–241, 

241s
Enantioselective heterogeneous catalytic 

epoxidation, 234, 234s
Enantioselectivity, 7–9
Epoxidation reactions, 228–235
Epoxide

hydrogenolysis, 175, 175–176s
Epoxide rearrangement reactions, 549–551
Epoxides, ring opening reactions

β-substituted alcohols, synthesis of, 517–521
carbonyl compounds, synthesis of, 521, 522t
cyclic carbonates, synthesis of, 522–524

Ethyl 2-acylarylcarboxylates, 633, 633s
Ethyl alk-4-enoates, 552, 552s
Ethyl pyruvate hydrogenation, 608, 608s, 609t

F
Fe3O4@SiO2-EP-NH-HPA (IV) nanocatalyst, 

472–473, 473s
Ferrier rearrangement reactions, 551–552
5-membered heterocycles, 466–469
Five-membered rings, heterogeneous catalytic 

synthesis of
Huisgen 1,3-dipolar cycloaddition, 502–503, 

504t
oxazolidinones/oxindoles, 505–507, 506t, 524s
phenylenediamines/diazotization, 

application of, 504–505
pyrazoles, 507–508
pyrroles, 500–502

Flow reactors, 15
(R)-Fridamycin E, 93, 96s
Friedel-Crafts reactions

acylation, 344–355
alkylation, 318–344, 634

Fries rearrangement reactions, 548–549
Furo[3,4-b]chromene derivatives, 452, 452s

G
Gewald reactions, 453–454, 454t, 497
Glycals

epoxidation-methanolysis of, 233, 233s
transformation of (see Ferrier 

rearrangement)
Gold, 26
Graphene oxide, 517–520
Graphene oxide-chitosan immobilized Pd 

nanoparticles, 429, 429s

Graphene oxide nanosheet immobilized Pd 
nanoparticles, 408, 408s

Graphene oxide-supported Ni catalyst, 415, 
415s

Graphene-supported Co nanoparticle catalyst, 
407, 407s

Groebke-Blackburn-Bienaymé reaction, 468, 
468t, 497

Grubbs-Herrmann catalyst, 299, 300s

H
α-Haloacetophenones, 604, 605s
Halogenation reactions, 357–360
Hamigeran B, 90–91, 91s
Hantzsch synthesis, 497
Hantzsch-type multicomponent reaction, 444, 

445–446t, 453, 453s
Heck coupling reactions

solvent-free reactions, 389–391
in solvents, 380–389, 381–383t
without palladium, 392–393

Heteroaromatic methyl ketones, 600–601, 601s
Hetero-Diels-Alder reactions, 492–496, 

494–495t
Heterogeneous catalysis

active site, of solid catalysts, 11
advantages, 9
anchoring effects, 11–12
catalytic reactors, 14–15
catalytic surfaces, 10
chemical adsorption, 10–11
cross-coupling reactions

C–C bond-formation (see C–C bond-
forming reactions)

C–N bond-forming reactions, 426–429
C–O bond-forming reactions, 429–430
C–S bond-forming reactions, 430–431
green chemistry applications, 379

drawbacks, 9–10
experimental variables, 12–14
green chemistry principles, 3
hydrogenations

aldehydes and ketones, 103, 104–105t
alkenes and cycloalkenes, 87, 88–89t
alkynes and dienes, 91, 92t
benefits, 85
carbocyclic aromatic compounds, 96, 

97–98t
drawbacks, 85–86
imines, 114, 115t
nitriles, 112, 113t
nitrobenzenes, 108, 109–110t
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nonconventional activation methods, 
123–130

laboratory applications, 9
metathesis (see Metathesis reactions)
oxidations

C–C bonds, 263–268
cleavage reactions, 243–251
C–N bonds, 260–263
C–O bonds, 251–260
C–X bonds, 263–268
dihydroxylation reactions, 235–241
epoxidation reactions, 228–235
Wacker-type reactions, 241–243

physical adsorption, 10–11
rearrangement (see Rearrangement 

reactions)
Heterogeneous Catalysis for the Synthetic 

Chemist (Augustine), 81
Heterogeneous catalytic asymmetric 

metathesis, 303–305
Heterogeneous catalytic hydrogenolysis. See 

Hydrogenolysis
Heterogenized metal complexes, 37–38
Heteropoly acid-catalyzed alkylation, 331, 

332s
Heteropoly acids (HPAs), 44–45, 548–549, 

551, 554
Hiyama coupling reactions, 407–411, 408s
Hollow structured mesoporous silica 

nanospheres (HMSN), 604–605, 605s
Hoveyda-Grubbs catalysts, 280–282, 288–299, 

289–295t, 301, 305–306, 309
Huisgen reaction, 503
Hummers method, 517–520
Hydrodesulfurization. See C–S bond 

hydrogenolysis
Hydroformylations, 577–580, 578–579t
Hydrogenation reactions

aromatic and heteroaromatic compounds, 
96–102

α,β-unsaturated carbonyl compounds, 
118–119

carbon-carbon multiple bond, 86–96
carbonyl compounds, 103–107
C=C double bonds, reduction of, 614–618
mono-carbonyl compounds, reduction of

1,2-dicarbonyl compounds, 606–610
1,3-dicarbonyl compounds, 610–614
reductive alkylation, 614

multiple functional groups, 123
nitrogen-containing groups, 108–118
nonconventional activation methods, 

123–130

Hydrogenolysis, 157, 157s, 201
of azido group in diazido pyrazolonones, 

195, 195s
of azido-sugars, 195, 195s
of biomass-related compounds

biomass-derived oxygen-containing 
aliphatic compounds, 199–201, 
202–203t

biomass-derived oxygen-containing 
heterocycles, 199, 200t

bond polarization, 157
C–C bond, 158–167
C–halogen bonds, 186–190
C–N bond, 177–186
C–O bond, 167

allylic alcohols, photocatalytic transfer 
hydrogenolysis of, 176, 176s

benzyl ethers, 169, 172–173t
butyl butyrate, 176–177, 177s
cyclic ethers, 167, 168t, 169
cyclohexene epoxide, 169–174, 174s
1,3-dioxane, partial hydrogenolysis of, 

174, 174s
epoxide, 175, 175–176s
3-hydroxy-4-phenylbutan-2-one, 

enantioselective synthesis of, 174, 174s
protected diol, debenzylation of, 175, 

175s
simple ethers and alcohols, 169, 170–171t

C–Sn organometallic compounds, 198
definition, 157
hydrodesulfurization (see C–S bond 

hydrogenolysis)
N–N bond, 190

azamacrocycle, 190–193, 193s
azido group, 194, 194s
azo and azoxy compounds, 193–194, 

193–194s
pyrazolidines, 190, 190s

N–O bond, 194, 194s
Si–Si bond, 198
Sn–C bond, 198

Hydrolysis reactions, 573–574
Hydroxyacetophenones (HAP), 548
Hydroxyalkylation reactions, 318–344
3-Hydroxy-3,4-dihydroquinolin-2(1H)-ones, 

633, 633s
3-Hydroxy-4-phenylbutan-2-one, 174, 174s

I
Imidazo[1, 2-a]pyridines, 469, 469s
Imidazo-fused polyheterocycles, 466, 468s
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Imine metathesis, 285, 286s
Imines, 114–116
Imino-pyrrolidinethiones, 466, 467s
Immobilized metal complex, 288–297
Indoles, 102, 102s

alkaloids, 324, 324s
N-arylation of, 426, 426s

(3'-Indolyl)pyrazolo[3,4-b] pyridines, 473, 
474s

Intramolecular cyclization reactions
5-membered-rings

Nazarov cyclization, 508–511, 509–510t
tetrahydrofurans, 512, 512t

6-membered-rings
ionones, 514, 514s
isopulegol, 512–514, 513t
quinolines/isoquinolines, 516
terpenoids, 515

Intramolecular transacylations, 355
Intramolecular transalkylations, 343–344
Iodine, 186
Ion exchange resins, 51–53
Ionic liquid-based composites, 56
Ionic liquid immobilized Pd catalyst, 425, 425s
Ionic liquid immobilized (R)-[RuCl 

(binap)(p-cymene)] Cl complex, 
613, 613s

Ion-pair immobilization method, 606
Ipatieff’s experiments, 1–2
Iridium, 26
Isocyanide-based multicomponent reactions

aliphatic bond formation, 475–479
5-membered rings, 466–469
6-membered rings, 469–475

Isonitrile-based multicomponent reactions. 
See Isocyanide-based multicomponent 
reactions

J
Jasminaldehyde, 568–571
Johnson-Claisen rearrangement reactions, 552

K
K-10-catalyzed intramolecular cyclialkylation, 

324, 324s, 333–336, 336s
K-10-catalyzed solvent-free microwave-

assisted condensation, 561
Keggin-type heteropolyacids, 472–473
Ketoximes, 545, 546t
Kharasch-Sosnovsky allylic oxidation, 599, 599s
K-10 montmorillonite catalysis, 323–325, 

323–324s, 330–331

Knoevenagel condensation, 563–566, 564–565t
Kumada coupling reactions, 414–415

L
Layered double hydroxide (LDH)-based Pd-

Os-oxide-W-oxide catalyst, 391, 391s
Lewis acid catalysts, 499, 508, 512–513, 517, 

520
Lewis acid sites, 493–496
Lifetime, catalyst’s, 6
Linalool, 93, 96s
Lindlar catalyst, 6, 6f
Lipidic cubic phases (LCP), 619
Long chain alkenes, cross metathesis of, 282, 

282s
L-Proline on a graphene oxide support 

(L-Pro@GO), 622

M
MacMillan-type catalyst, 634–635, 635s
Magnetically recoverable immobilized Pd 

nanoparticles, 430, 430s
Magnetically recyclable Pd catalyst, 400, 409, 

409s
Magnetic catalyst supports, 34–35
Magnetite nanoparticles (MNPs), 602
Mannich reaction, 443, 460, 461–462t
Massive metals, 28
MCM-41-supported Grubbs-type catalyst, 299, 

299s
MCM-supported Pd catalyst, 410, 410s, 416, 

416s
MCRs. See Multicomponent reactions (MCRs)
Mesoporous solids, 55–56
Metal blacks, 28–29
Metal carbonates, 34
Metal catalysts, 23–39
Metal nanoparticle-based catalysts, 38–39
Metal-organic frameworks (MOFs), 53–55, 

496, 508–511, 520, 522–523, 595
Metal oxides, 41–44
Metathesis reactions

advantages, 280
alkyne metathesis, 302–303
asymmetric catalysis, 303–305
bioderived alkenes, 305–309
CM (see Cross metathesis (CM))
RCM (see Ring closing metathesis (RCM))
ROM (see Ring opening metathesis (ROM))

4-Methoxy-styrene, cross metathesis of, 
281–282, 282s

Methylbenzyl-indoles, 330, 330s
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Methyl cinnamate, epoxidation of, 234, 234s
Methylcyclobutane, 158, 161f
Methylcyclopentane ring opening 

hydrogenolysis, 158, 161, 161f
Methyl 3-cyclopropyl-3-oxopropanoate, 610, 

612s
Methyl 9-decenoate, 306, 307s
Methyl oleate

cross metathesis, 306, 307s
self-metathesis, 307–309, 308t

Methyltrioxorhenium (MTO) catalysts, 306
Microwave-assisted Cu/C-catalyzed Ullmann 

coupling, 429, 429s
Microwave-assisted hydrogenations, 123–126, 

127t
Microwave-assisted Negishi coupling reaction, 

413, 413–414s
Microwave-assisted Ni/C-catalyzed Suzuki 

coupling reaction, 405, 405s
Microwave-assisted organic synthesis 

(MAOS), 123–126
Mizoroki-Heck coupling reactions, 380–393
Molecular sieves, 55–56
Monolithic disk-supported Mo complex, 300, 

300s
Mukaiyama reaction, 558, 559t
Multicomponent reactions (MCRs), 496

carbonyl-based, 444–464
isocyanides, 464–479

Multisubstituted pyridines, 474–475, 475s
Multisubstituted pyrroles, 454–455, 455s
Multiwall carbon nanotubes (MWCNT), 615
Multiwall carbon nanotubes supported 

Pd-salen complex catalyzed Hiyama 
coupling, 408–409, 409s

Myrtanal, 550–551, 550t

N
Nafion-H particles, 51–53
Nafion-H silica nanocomposite, 549, 

552–553
Nafion-H/silica nanocomposite-catalyzed 

Claisen rearrangement, 343–344, 344s
Nafion-H/silica nanocomposite-catalyzed Fries 

rearrangement, 355, 355s
Nanoacids, 56–57
Nanosized MCM-41-supported Pd catalyst, 

411–412, 412s
N-aryl-tetrazoles, 458, 458s
N-cyclohexyl-3-aryl-quinoxaline-2-amines, 

469–470, 470s
Negishi coupling reactions, 411–413

Ni/C-catalyzed reactions
Kumada coupling reactions, 414, 414s
Negishi reaction, 413, 413s

Nickel, 25
Ni-ferrite-based magnetic nanoparticle 

catalyzed synthesis, 406, 406s
Nitration reactions, 360–364
Nitriles, 112–114
N–N bond hydrogenolysis, 190

azamacrocycle, 190–193, 193s
azido group, 194, 194s
azo and azoxy compounds

Ni-Al alloy in water, 193, 193s
Pd/MCM-41 catalysts, 194, 194s
Zn catalyst, 193, 193s

pyrazolidines, 190, 190s
Noble metal oxides, 29–30
N–O bond hydrogenolysis, 194, 194s
Nonmetallic catalysts, 39–57

O
Olefin cross metathesis, 280
Olefin metathesis, 286–287, 286f, 305
Organocatalysts, 37–38
Organosilane nanoparticle-supported Pd 

catalyst, 424–425, 425s
Orito’s reaction, 608
Ortho-Claisen rearrangement reactions, 

552–553
Osmium-catalyzed dihydroxylations, 235–240, 

236–237t
Oxidative cleavage reactions, 243–251
Oximes, oxidative aromatization of, 268, 268s
Oxindoles, 507
Oxiranes, 167, 168t, 169

P
Paal-Knorr pyrrole synthesis, 491, 500–502, 

500t
Palladium, 25
Palladium-catalyzed coupling reactions. See 

Heck coupling reactions; Suzuki 
coupling reactions; Tsuji-Trost 
allylation reactions

Palladium prolinate complex, 430, 431s
Paracetamol, 547
Partial hydrogenation, 93, 94–95t, 96s
Passerini reaction, 475, 476–477t, 478
Pd-loaded homochiral covalent organic 

framework (Pd@CCOF), 636, 636s
Pd/PS-NHC-catalyzed Heck reaction, 388, 

388s
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Pd/ZnO-catalyzed Hiyama coupling reaction, 
410, 410s

Pechmann condensation, 337–338, 338s, 
566–568

Phase transfer catalysts, 9
1-Phenyl-1,2-propanedione (PPD), 607, 607s
Phillips triolefin process, 280
Phosphotungstic acid (PTA), 615
Photocatalytic transfer hydrogenation method, 

176, 176s
Phthalazine-trione derivatives, 456–457, 457s
Physical adsorption, 10–11
Pillared clays (PILCs), 55–56
Pillared layer solids, 55–56
Pinacol rearrangement reactions, 554, 554s
Platinum, 26
Poly(ionic liquids) (PIL-resins), 622, 624s
Polyimide covalent organic framework 

immobilized Cu (Cu@PI-COF), 428, 
428s

Polyionic gel-supported bimetallic Rh/Pd-
catalyzed one-pot hydrosilylation-
Hiyama coupling reaction, 411, 411s

Polymer-bound molybdenium-catalyzed 
epoxidation, 229, 229s

Polymeric materials, 36–37
Polystyrene-bound diamine (PSAP)-

immobilized copper-catalyzed 
reactions, 427, 427s

Poly-substituted 3-pyrrolin-2-ones, 455, 
456s

Polyvinylpolypyrrolidone-supported boron 
trifluoride, 568

Preyssler heteropolyacids, 501–502
Preyssler nanoparticle-catalyzed synthesis, 

478–479, 479s
Prins cyclization, 499
Proline modified palladium catalyst, 615, 

617–618, 617s
Propane metathesis, 285, 285s
Propargylamines, 464, 465t
Propene, synthesis of, 287, 287t
Propylcyclobutane, 158
Propylcyclopropane, 158
Protection/deprotection reactions, 574–576
Pyrazine derivatives, 470–471, 470s
Pyrazolidines, 190, 190s
Pyrazolidinones, 90, 90s
Pyrimido[1,6-a]quinolones, 448, 448s
Pyrrole derivatives, 562, 562s

Q
Quinolines, 102, 102s
Quinoxaline derivatives, 470–471, 470s

R
Raney Ni-catalyzed hydrogenolysis

cispentacin precursor, 197, 197s
cysteine-perfluoroaryl thioethers, 198, 198s
enantiomeric cyclopropanes, ring opening 

of, 162, 162s
methylthioxy group, 197, 197s
spiro[cyclopropyl-1,3′-oxindoles], 167, 167s
thiocarbonyl group, 197, 198s

Reaction rate, 5
Rearrangement reactions

aldol condensation, 568–572
aldol reaction, 556–558
Baeyer-Villiger oxidation, 554–556
Beckmann, 543–548
benzylimine-benzaldimine, 553
epoxide, 549–551
Ferrier, 551–552
Fries, 548–549
hydrolysis, 573–574
Johnson-Claisen, 552
Knoevenagel condensation, 563–566
Mukaiyama reaction, 558
ortho-Claisen, 552–553
Pechmann condensation, 566–568
pinacol, 554
Schiff-base formation, 558–563

Reduction, 85
Regioselective hydrogenation, 118–123
Regioselectivity, 7–9
Rh-chiral diamine complex, 602–604, 604s
Rhodium, 26
Ring closing metathesis (RCM), 288–300, 

289–295t
Ring opening metathesis (ROM), 301–302
Ring opening reactions

benzoxazoles/benzothiazoles, 529
ring opening of hydrocarbons, 529
ring opening polymerization (ROP), 

525–529, 526s, 526t
selective ring opening of naphthenes, 529
of small heterocycles

aziridines, 524–525, 525s
epoxides, 517–524

Ring transformations, heterogeneous catalysis
C–C bonds, 492
C–X bonds (X being a heteroatom), 492
intermolecular cyclization reactions

Diels-Alder and hetero-Diels-Alder 
reactions, 492–496, 494–495t

five-membered rings, heterogeneous 
catalytic synthesis of, 500–508

six-membered rings, heterogeneous 
catalytic synthesis of, 497–499
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intramolecular cyclization reactions, 
508–516

ring opening reactions, 517–529
Ru-chiral diamine complex, 602–604, 604s
Ru encapsulated yolk shell structure silica 

catalyst, 283, 283s
Ruthenium, 26
Rylander’s seminal monograph, 86

S
Sabatier’s experiments, 1
Santa Barbara Amorphous-15 (SBA-15), 55
Sativene, 90–91, 91s
SBA-15 grafted copper catalyst, 431, 431s
SBA-15 immobilized Pd catalyst, 426, 426s
SBA-supported Ni complex, 414–415, 415s
SBA-supported Pd-catalyzed Suzuki coupling 

reaction, 404, 404s
Scandium triflate-catalyzed alkylation, 

331–332, 332s
Schiff-base formation, 558–563
Schrock molybdenum-based carbene complex, 

284, 300
Selectivity, 7
Self-supported catalysts, 37
2-Semidines, 111
Shell higher olefin process, 280
Shi’s catalyst, 594, 595s
Silica-immobilized Ni-DABCO complex, 392, 

392s
Silica-supported catalysts, 281
Silica-supported heteropoly acid catalysis, 

325, 325s
Silica-supported heteropoly acid-catalyzed 

cyclialkylations, 356, 356s
Silica supported Hoveyda-Grubbs catalyst, 

305–306, 306s
Silica-supported Pd catalyst, 425, 425s
Silica-supported Pd-catalyzed Negishi 

coupling reaction, 412, 413s
Silica-supported Preyssler nanoparticle-

catalyzed synthesis, 478–479, 479s
Silica support materials, 31–33
Si–Si bond, 198
6-membered heterocycles, 469–475
Six-membered rings, heterogeneous catalytic 

synthesis of
pyrazines and piperazines, 497–498
pyridines, 499
tetrahydropyranols, 499

Skeletal metals, 29
Sn–C bond, 198
Sol-gel condensation-polymerization method, 

42, 43s

Solid acid catalysis, 512, 517, 518–519t, 520
Solid catalysts, 550–551, 563, 571–572

schematic classification, 23, 24f
Solvent-free Heck reactions, 389–391
Sonochemical hydrogenations, 126, 128–129t
Sonogashira coupling reactions, 415–424
Spent catalysts, 7
Spirocyclopropyl

camphor derivative, 164–165, 165s
spirocyclopropylcyclooctane, 165, 165s
spirocyclopropyl-cyclopentane, 165, 165s
spirocyclopropyl-cyclopropane, 165, 166s
spirocyclopropyloxindoles, 167, 167s

Sporopollenin, 387
Sterically crowded aryl tosylate, 413, 414s
Strecker synthesis, 443, 459, 459t
Structural promoters, 7
Structure-insensitive reactions, 11
Structure-sensitive reactions, 11
Sulfonated carbon-silica composites, 56
Sulfonated polymeric solid acid, 544
Sulfonation reactions, 364–365
Sulfonyl 9-fluorenylidenes, 338, 338s
Supercritical fluids, 13
Supported metal catalyst, 30–37
Supported metal oxide catalysts, 44
Suzuki coupling reactions

palladium-containing reactions, 393–405, 
395–399t

without palladium, 405–407
Suzuki-Miyaura coupling reactions, 393–407
Synthetic zeolites, 51

T
Tandem hydroxylacetylation-acetylation 

reaction, 241, 241s
Tartaric acid-modified Raney Ni catalysts, 610
Terminal alkenes, cross metathesis of, 284, 

284s
Tetrabutylammonium bromide (TBAB), 

522–523
Tetrahydrodipyrazolopyridines, 447, 447s
Tetrahydro-2-methyl-5,γ-dioxo-2-

furanpentanoic acid, 556, 558s
Thiazolidin-2-imines, 458, 458s
Three-component coupling reactions, 431, 

431s
Titanium cation-exchanged montmorillonite-

catalyzed Beckmann rearrangement, 
545

Transfer hydrogenation, 601
Trans-stilbene, dihydroxylations of, 235, 238s
2,2,2-Trifluoroacetophenone, 600, 600s
Tsuji-Trost allylation reactions, 424–425
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Tungstophosphoric acid (H3PW12O40), 493
Turnover frequency (TOF), 5

U
Ugi condensation, 443, 475, 476–477t, 479
UiO-66 nanocatalyst, 469, 469s
Ullmann coupling reaction, 426–427, 427s, 

429, 429s
Ultrasound-assisted hydrogenations, 126–130
Unsupported metals, 28–30

V
Volatile organic compound (VOCs), 186

W
Wacker-type oxidation reactions, 241–243

X
Xanthan sulfuric acid-catalyzed Pechmann 

reaction, 566–567

Z
Zafirlukast, 332, 333s
Zeolite-catalyzed photochemical reactions

Claisen rearrangement, 344, 344s
Fries rearrangement, 355, 356s

Zeolites, 48–51, 493–496
Ziegler catalyst, 279
Zinc-based imidazolate framework (ZIF-71), 523
Zirconium metal-organic framework, 469
Zirconium poly(styrene-phenylvinylphosphonate)-

phosphate (ZPS-PVPA), 595–596
ZnO nanoparticle-immobilized Pd catalyst, 

429–430, 430s
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