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simple aliphatic compounds. Several heterogeneous transition metals-based catalytic materials are
explored for the synthesis of valuable chemicals for industrial applications. The book provides
insight into the application of state-of-the-art technology for energy utilization and clean chemical
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Features:

* Offers a wide overview of dehydrogenation catalytic chemistry catalyzed by transition
metals and their compounds.

* Helps design novel and more benign and uncomplicated protocols for the synthesis of
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* Summarizes new mechanistic details of dehydrogenation reactions, experimental side
development and applications of dehydrogenation techniques.

» Explores alternative solutions for the assimilation and transportation of clean energy in the
form of hydrogen energy utilization.
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catalysis, organic synthesis, pharmaceutical chemistry and petrochemistry.
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Preface

This text is intended for postgraduate and undergraduate researchers, students, and professionals
in the research industries who are interested in learning about the chemistry of dehydrogenation
reactions. It provides both basic theory and advanced applications of this topic. The authors of this
book hope that it will also serve as introductory literature for those who are not familiar with the
subject matter.

Chemistry plays a vital role in our daily lives, from the medicines we take to the materials we
use. As industrialization advances, the demand for chemical reagents in various industries has sky-
rocketed. But what if we could use the existing reagents to develop useful chemicals with simple
dehydrogenation reactions? This is where the chemistry of dehydrogenation reactions comes in.
Dehydrogenation reactions play a vital role in various fields of chemistry, including organic syn-
thesis, materials science, and catalysis. These reactions involve the removal of hydrogen from a
molecule, resulting in the formation of a double or triple bond between the remaining atoms. In
recent years, dehydrogenation reactions have attracted significant attention due to their potential for
developing sustainable and energy-efficient processes.

The proposed book is a comprehensive source of information about the chemistry of dehydro-
genation reactions and their applications in various domains of industry. It encompasses not only
a detailed discussion of the different classes of organic compounds that undergo dehydrogenation
reactions but also the role of transition metal and non-transition metal catalysts in these reactions.

This book has been designed for undergraduate and postgraduate students, academics, and
industrial researchers, who want to learn about the fundamental principles of dehydrogenation reac-
tions and their applications. It can serve as exploratory literature for those who are working towards
the development of low-cost useful chemicals, pharmaceutical precursors, and hydrogen storage
devices.

The content of this book is planned in such a manner that it will be useful and function as a guide
for universities and industrial institutions, postgraduate and Ph.D. scholars, and researchers work-
ing in the areas of chemistry, biology, physics, polymer sciences, material sciences, nanoscience,
and more.

We hope that this book will serve as an invaluable resource for those interested in the chemistry
of dehydrogenation reactions and inspire further research in this exciting area of chemistry.

It is important to recognize that perfection is often an unattainable goal, especially when it
comes to creating written works. Authors and editors alike may find themselves constantly striving
for improvement even after multiple rounds of review and editing. Although the chapters and final
draft of a book may have undergone comprehensive scrutiny, there is always room for refinement
and modification to enhance the quality and quantity of the content.

Therefore, as readers of this book, your feedback is not only welcomed but also encouraged. We
value the input of students, researchers, scientists, and professors who can offer valuable insights
and suggestions regarding any errors, omissions, or important information that may have been over-
looked. Your recommendations can help us improve and enhance the overall quality of this book.

Xxi
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’I Introduction to
Dehydrogenation Reactions
of Organic Compounds

Syed Shahabuddin, Nandini Mukherjee, and Rama Gaur

1.1 INTRODUCTION

Dehydrogenation reactions include a wide variety of reactions where hydrogen is completely or
partially eliminated from an organic compound to form a new compound (e.g., conversion of
saturated into unsaturated compounds) [1]. Dehydrogenation reactions have applications in the pro-
duction of hydrogen (H,), alkenes, cycloalkanes, aromatic compounds, imines, and oxygenates such
as carbonyl compounds [2]. Alkenes, imines, and oxygenates are crucial chemical intermediates for
producing solvents, polymers, rubbers, detergents, insecticides, and pharmaceuticals [3].

Dehydrogenation is most important in the petrochemical industry especially in the refinery cracking
process, where olefins are synthesized from saturated hydrocarbons [4]. Suitable hydrocarbon feed-
stocks (e.g., naphtha) are subjected to cracking in order to produce industrially important olefins such
as ethylene, propylene, butene derivatives, and butadiene derivatives in large volumes. Traditionally,
steam cracking and fluid catalytic cracking (FCC) of C2+ hydrocarbons (ethane, propane, etc.) have
been extensively used to produce alkenes. However, as there is an increasing demand for a specific
alkene to be produced, building new specific steam crackers or FCC units for each individual alkene
is not a frugal choice. Dehydrogenation reaction, in contrast, provides a comparatively flexible, cost-
effective method for producing single alkenes. The dehydrogenation of ethylbenzene to produce an
important monomer ‘styrene’ has become a preferred commercial route in the polymer industry.

The benefits of building dehydrogenation reactors are the production not only of specific alkenes
but also of aldehydes and ketones. Although the carbonyl compounds can be easily prepared via the
oxidation of alkenes or alcohols, dehydrogenation routes may offer advantages such as a higher selec-
tivity for products or the availability of a wider variety of feedstock [5]. Dehydrogenation reaction is
also extremely useful in synthesizing a,B-unsaturated carbonyls as common organic building blocks in
natural product and pharmaceutical synthesis. The introduction of a C=C group adjacent to an electron
withdrawing group (EWG) provides greater synthetic opportunity that utilizes the resulting polarized
double bond, since EWG is susceptible to regioselective functionalization by several methods [6, 7].
Acceptorless dehydrogenation of alcohols, especially biomass-derived carbohydrates, provides an atom-
economical method to synthesize carbonyl derivatives and a low-temperature route for selective H, pro-
duction [8-14]. It also has synthetic applications in tandem coupling reactions involving C-N and C-C
bond formation for the synthesis of imines and amides and the B-functionalization of alcohols [15-24].

Another crucial significance of many dehydrogenation reactions is the generation of H, as a by-
product. H,, which is an alternative and highly in-demand clean fuel, is required to be produced and
stored in a safe and efficient manner. Ammonia borane (AB or H;N-BH,), for instance, serves as one
of the safest sources of H, (3 equivalents theoretically). Homogeneous (and heterogeneous) catalyst-
driven dehydrogenation reaction of AB provides an efficient route for non-hydrolytic reversible H,
generation [25].
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2 Chemistry of Dehydrogenation Reactions and Its Applications

Evidently, the vastness of dehydrogenation reactions originating from the infinite number of pos-
sible precursors and products leads to various procedural aspects to be considered systematically.
The most important amongst these are the (a) catalyst type, (b) reactor type where the commercial
production of organic derivatives and/or H, is concerned, (c) method of heat supply to the dehydro-
genation reaction involved, (d) method of catalyst regeneration, (d) reaction conditions (P, T, solvent/
diluent), and (f) yield of desired product and atom economy.

In the following section, these aspects are briefly introduced. In addition, where possible, the
dehydrogenation reaction mechanism is discussed.

1.2 MECHANISM OF DEHYDROGENATION REACTIONS

The dehydrogenation mechanism from different starting materials primarily depends on three fac-
tors: the chemical nature of the starting material, the type of catalyst being used, and whether any
acceptor molecule is present in the reaction medium. The following section provides insight on
the mechanisms involved in the dehydrogenation of various substrates including alkanes, alcohols,
esters, amides, carboxylic acids, and carbonyl compounds.

1.2.1  ALKANE TO ALKENE

Alkane to alkene conversion is the first example that comes to mind when dehydrogenation is
mentioned; it is one of the most studied and commercially used dehydrogenation reactions known.
This process involves alkanes (C,H,,,, with n=2 or more) where one (or more) H,is removed to form
unsaturated hydrocarbons or olefins (Figure 1.1).

This reaction can be of two types: oxidative and non-oxidative. Although both methods
involve the use of suitable metal-based catalysts, the mechanism is different. Non-oxidative
dehydrogenation involves C-H bond activation directly by metal and is endothermic in nature
(Figure 1.2).

Oxidative dehydrogenation of alkane involves C-H bond activation by O-species leading to
hydrogen abstraction and is an exothermic reaction (Figure 1.3). Readers are directed to Chapters 5
and 17 for more details on this topic.

1.2.2 ArcoHoL T0 CARBONYL DERIVATIVES

The dehydrogenation of aliphatic alcohol yields different products depending on the type of alcohol
used, namely, primary, secondary, or tertiary. The reactions are usually endothermic and require
the use of high-temperature/low-pressure conditions. Primary and secondary alcohols are con-
verted into aldehyde and ketone compounds, respectively, which may further be functionalized or
derivatized.

One of the most familiar examples of alcohol dehydrogenation is the Oppenauer-oxidation
reaction of a secondary alcohol. However, this famous name reaction involves the use of alumi-
num tert-butoxide and acetone. Acetone accepts the eliminated hydrogen leading to the forma-
tion of isopropyl alcohol as a byproduct (Figure 1.4.a). A more promising approach in terms
of atom economy is to opt for the transition metal catalysed acceptorless dehydrogenation of
alcohols, which yields molecular hydrogen as a byproduct for further reaction/use as a fuel
(Figure 1.4.b).

Alcohol dehydrogenation reaction is not limited to only carbonyl and H, generation. Depending
on the acceptor molecule present and the reaction conditions, there is the possibility of the formation

Catalyst
CnH2n+2 — CnHzn + H2

FIGURE 1.1 Dehydrogenation of alkanes to unsaturated hydrocarbons.
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FIGURE 1.4 Schematic for dehydrogenation of alcohol to carbonyl compounds by (a) hydrogen transfer to
an acceptor molecule or (b) the acceptorless dehydrogenation method.

of many important classes of organic compounds viz. esters, imines, amides, acetals, lactones,
lactams, and even pyrroles. For a thorough overview on this, the reader is directed to Chapter 4.

1.2.3 DEHYDROGENATION TO YIELD OLEFINS WITH EWG AT 0i-PosITION

Carbonyl compounds, albeit less explored, can act as precursors in dehydrogenation reactions.
The transition metal catalysed oxidation of acidic aldehydes and ketones undergoes efficient
dehydrogenation. Especially a-C—H activation and subsequent a,-dehydrogenation of carbonyls
have been reported by several groups [26-33]. In addition, esters, nitriles, amides, carboxylic
acids, and electron-deficient heteroarenes compounds subjected to dehydrogenation reactions
could be extended to C—C and C-X bond-forming reactions pertaining to natural product
synthesis [34].

1.2.4 ESTER AND NITRILE TO ACTIVATED OLEFINS

Less acidic carbonyl derivatives such as esters can also be dehydrogenated by using Pd or Ni cata-
lyst and allyl-based oxidants (Lithium enolates or Zinc enolates). Dehydrogenation of ester leads
to the formation of (E)-alkenes exclusively, and nitriles produce mixtures of E and Z isomers.
Dehydrogenation by selenoxide elimination gives similar isomeric ratios [35].

1.2.5 AMIDE/LACTAM TO ACTIVATED OLEFINS

Unsaturated amides are known to act as inhibitors for many enzymes and are therefore important
for drug discovery research. Thus, the synthesis of unsaturated amides or lactams by dehydrogenation
reaction is of high synthetic utility. A Lithium anilide base has shown excellent yield in dehy-
drogenation reactions of amides with functional group tolerance to even oxidation-prone OH and
NH-substituents (Figure 1.6).

The dehydrogenation of aliphatic and aromatic carboxylic acids is discussed in Chapter 7, and
the dehydrogenation of heterocyclic compounds is examined at length in Chapter 8.
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FIGURE 1.5 Dehydrogenation of carbonyl derivatives to activated olefin products catalysed by transition
metal-based catalyst and organic oxidants.
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FIGURE 1.7 Dehydrogenation of amide to olefins and the Li-anilide bases leads to high yield.

1.3 HETEROGENEOUS AND HOMOGENEOUS CATALYSTS
FOR DEHYDROGENATION REACTIONS

Dehydrogenation reactions are highly energy-demanding. Different types of catalysts are used to
reduce the activation energy barrier. Homogeneous catalysts include 3d, 4d, and 5d-transition metal
complexes of Ru, Ir, Pd, Rh, Cu, Ni, and Fe. To achieve efficient dehydrogenation and region/stere-
oselectivity, the transition metal catalyst must be rationally designed by modulating the metal-redox
properties and metal-ligand cooperativity by using pincer ligands. The reader is directed to Chapter 2
where transition metal complexes used to catalyse dehydrogenation reactions in homogeneous and
quasi-homogeneous conditions is discussed thoroughly.

Recent years have seen exceptional efforts from materials scientists in the development of
heterogeneous catalysts for dehydrogenation reactions. Single atom catalysts (SAC), single atom
alloys (SAA), metal nanoparticles, and metal oxides have emerged as alternatives to conventional
homogeneous catalysts. Acceptorless dehydrogenation reactions by utilizing Pt, Pd, Au, Ag, Cu,
Ru, Rh, Ni, and Co catalysts are thoroughly investigated in Chapter 3. Moreover, metal-organic
frameworks (MOFs), covalent organic frameworks (COFs), and porous organic frameworks (POFs)
are also discussed regarding the dehydrogenation of different classes of organic compounds.

1.4 TYPES OF REACTORS FOR DEHYDROGENATION REACTIONS

The most common industrially relevant dehydrogenation process includes catalytic cracking, ther-
mochemical cracking, and low-temperature catalytic dehydrogenation. The common features in all
of them include the following facts—a larger product volume than the reactants, the requirement of
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a quick separation of produced H, from the other product chemicals generated, and the maintenance
of sustainable reaction temperature/pressure [36]. The design of dehydrogenation process reactors is
achieved by carefully considering the previous features in addition to the thermodynamics, kinetics,
and phase of the reactants (gas-liquid, liquid-liquid, gas-solid, and liquid-solid). Additional factors
such as safety and production cost are also considered by chemical engineers to sustain a commer-
cially viable manufacturing process. A detailed discussion on batch reactors, mixed flow reactors,
and plug flow reactors can be found in Chapter 11.

1.5 DEHYDROGENATION METHODS AND REACTIONS
THAT ARE COMMERCIALLY SIGNIFICANT

Dehydrogenation reactions are reactions in which hydrogen is removed from the organic compound.
These crucial groups of reactions are extremely helpful in the chemical industry. Dehydrogenation
leads to the formation of unsaturated compounds from saturated compounds that can be used as
intermediates during the production of different materials, polymers, and chemicals. Over the
years, various methods of dehydrogenation reactions have been used and developed as this class of
reactions is commercially significant. Dehydrogenation reactions can also be employed on a large
scale in industrial processes.

One of the popular examples of a dehydrogenation reaction that is commercially used on a
large scale is removing hydrogen from propane to form propylene, which also acts as an interme-
diate in the production of polypropylene. Polypropylene is a widely used thermosetting polymer.
Some other examples of dehydrogenation reactions are the formation of butadiene from butane;
benzene can be produced by the dehydrogenation of cyclohexane and the dehydrogenation of
ethylbenzene to form styrene.

Thermal dehydrogenation, oxidative dehydrogenation, and catalytic hydrogenation are some
methods of dehydrogenation that can be used industrially on a large scale. In thermal decompo-
sition, the starting material is heated at high temperatures in the absence of oxygen. This is the
simplest method of all. In oxidative dehydrogenation, an oxidising agent is used for the removal of
hydrogen atoms. In a catalytic reaction, the requirement of activation energy is lowered by using a
catalyst [37—41].

Hence, the development of new methodologies and dehydrogenation reactions are vital to synthe-
sise new chemicals and materials. Dehydrogenation reactions are a useful class of reactions utilised
in various chemical industries.

1.5.1 DEHYDROGENATION OF PARAFFINS TO OLEFINS

Dehydrogenation of paraffins to olefins is a beneficial class of reactions that is employed in the
synthesis of different materials, chemicals, elastomers, and polymers. Formation of propylene from
propane is an important dehydrogenation reaction that can be used as feedstock for the preparation
of acrylonitrile, polypropylene, and several other chemicals [42].

Various catalysts, including supported metal catalysts, zeolites, and various mixed metal oxide
catalysts, can be used for the dehydrogenation of propane. Chromia-alumina catalystsare popular
and widely used catalysts for dehydrogenation of propane that can be functional and operated at
temperatures between 500 to 600°C and pressures between 1-2 atm.

Dehydrogenation of butane (C,H,,) to butane (C;H,) can also be used for the synthesis of various
chemicals and materials including rubber and plastics. Dehydrogenation of butane can also be
carried out in the presence of catalysts such as zeolites, meta-oxide, etc.

Hence, this class of dehydrogenation, where butane is converted into butene, is a useful process
in chemical industries in the preparation of various chemicals and materials.
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1.5.1.1 Reaction Mechanism

Dehydrogenation of C3 and C4 alkanes to alkenes includes the removal of hydrogen atoms from the
alkane molecule, forming a carbon-carbon double bond. The reaction is as follows:

CH;— CH, + H,
CH,,— CH;+H,

Endothermic reactions, such as dehydrogenation, generally require high temperatures and the pres-
ence of an appropriate catalyst to perform effectively.

1.5.1.2 Catalysts

Mixed metal oxide catalysts, which are a combination of a transition metal oxide and an alkali
metal oxide, are the most utilized catalysts for the dehydrogenation of C3 and C4 alkanes to alkenes.
These catalysts enhance the dehydrogenation process by offering a surface for the adsorption and
activation of alkane molecules and by allowing the removal of hydrogen atoms from the molecules.

As previously stated, chromium-alumina catalysts are also extensively utilised for the dehydro-
genation of propane to propylene. Chromium-alumina catalyst is made of chromium oxide (Cr,05)
supported on alumina (Al,O;) and is commonly operated at temperatures between 500 and 600°C
and pressures ranging from 1-2 atm.

1.5.1.3 Kinetics

The kinetics of dehydrogenation reactions are affected by a number of parameters, including the
catalyst used, the temperature and pressure conditions, and the type of alkane molecule being dehy-
drogenated. In general, increasing the temperature improves the reaction rate because it offers more
energy for the activation of the alkane molecule and the removal of the hydrogen atoms. However,
higher temperature and more energy might cause catalyst deactivation and product degradation;
therefore, the reaction rate and selectivity are trade-offs.

The rate of the reactions is affected by the alkane and catalyst concentrations, porosity, and the
surface area of the catalyst. Since mixed metal oxide catalysts can supply both acidic and basic sites
for the reaction, they have better activity and selectivity than other forms of catalysts.

So, chemical engineers are actively investigating ways to improve the kinetics of the dehydrogenation
reaction by developing more efficient and environmentally friendly catalysts and reaction conditions.

1.5.2 DEHYDROGENATION OF C2-C15 ALKANES TO ALKENES

For the synthesis of a variety of polymers and chemicals, the C2-C15 alkane to alkene dehydrogenation
reaction is economically one of the most important reactions. In the alkane, a carbon-carbon double
bond is formed as a result of the elimination of hydrogen atoms, which leads to the formation of hydro-
gen gas and alkene as shown in the following.

CnH2n+2 - C11H2n + HZ

Dehydrogenation reactions require specific conditions such as high temperatures and suitable catalysts
for the reaction to proceed; they are also endothermic. The yield and the selectively of the reaction are
highly dependent on factors such as the type of catalyst and alkane, reaction conditions, etc.

1.5.2.1 Catalysts

Mixed metal oxides are widely employed catalysts for C2-C15 alkane to alkene dehydrogenation
reactions. Mixed metal oxides comprise earth metal oxides or alkali metal oxides in combination
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with transition metal oxides. The dihydrogen reaction on the catalyst is promoted by the adsorption
and activation followed by the hydrogen atoms’ removal on the surface of the catalysts.
Some commonly used catalysts for C2-C15 dehydrogenation are mentioned as follows:

i. Chromia-alumina catalysts: The chromia-alumina catalysts comprise Cr,0; (Chromium
oxide) reinforced on the AL,O; (alumina) substrate. These are the most commonly
employed catalysts for propane to propylene dehydrogenation. Their operating tempera-
tures and pressures are between 500 and 600°C and 1 and 2 atm, respectively.

ii. Nickel-based catalysts: Most of the time, these catalysts are employed to convert butane
and other higher alkanes into butenes and other higher alkenes. They are usually used at
temperatures between 600 and 800°C and pressures between 1 and 3 atm.

iii. Platinum-based catalysts: Light alkanes such as ethane and propane are often dehydro-
genated with these catalysts to synthesize ethylene and propylene, respectively. Their oper-
ating temperature and pressures are between 500 and 800°C and 1 and 2 atm, respectively.

1.5.2.2 Kinetics

Various factors such as the nature of the catalyst and alkane molecule, temperature, and pressure of
reactions cause the alkane molecule to affect the kinetics of dehydrogenation reactions. Generally,
as the temperature increases, the reaction rate also increases, which offers increased energy to
activate the alkanes and promotes the dehydrogenation reaction. However, at high temperatures,
catalysts get deactivated, and the product might become degraded. Hence, there is a compromise
between the selectivity and reaction rate.

The rate of the reaction also depends on the amount of the catalyst, alkane concentration, poros-
ity, and surface area of the catalyst. Mixed metal oxide catalysts are usually more active and selec-
tive than other catalysts as they can supply both acidic and basic sites for the reaction to happen.

In general, C2-C15 alkane to alkene dehydrogenation is an important reaction for the develop-
ment of a variety of polymers and chemicals. In the field of chemical engineering, researchers are
focused on the development of effective catalysts and reaction parameters.

1.5.3 DEHYDROGENATION OF ETHYLBENZENE TO STYRENE

Styrene is a vital reagent used for the preparation of different types of plastics, resins, and polymers.
In general, styrene is prepared by dehydrogenating ethylbenzene. The reaction proceeds via the
formation of a carbon-carbon double bond and the elimination of two hydrogens [43]. The chemical
equation for the reaction is expressed as follows.

CH,CH,CH, — C,H,CH=CH, + H,

At high temperatures, the reaction takes place in the gas phase with the favoured catalyst. The
process is endothermic in nature, resulting in a high temperature requirement (500 to 600 °C). In
addition, the reaction exhibits exothermic behavior leading to heat release in the process [44, 45].

1.5.3.1 Catalysts

The catalyst used during the preparation of styrene is composed of a mixed metal oxide, namely,
potassium and iron oxide (K,O and Fe,0;) reinforced on an alumina substrate. The catalyst facilitates
the elimination of hydrogens and offers a surface for the activation and adsorption of the ethylbenzene.

K,O present in the catalyst serves as a promoter, leading to an increase in selectivity and activ-
ity, whereas Fe,O, offers the active site for the reaction to proceed. The alumina substrate offers a
highly porous and large surface area, which enables effective reactant and product diffusion across
the catalyst surface [44, 45].
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1.5.3.2 Kinetics

The kinetics of the reaction are highly affected by various parameters, such as the pressure and
temperature conditions, the catalyst used, and the type of ethylbenzene molecule being dehydro-
genated. The activation of the ethylbenzene molecule and the elimination of the hydrogen atoms
require more energy, so the reaction rate typically rises as the temperature rises.

Moreover, the rate of the reaction depends on the amount of catalyst and ethylbenzene used and
on the catalysts’ surface area and pore size. The catalyst Fe,05-K,0/Al,O; offers high selectivity
and activity because it provides basic and acidic sites for the reaction to take place.

1.6 RECENT ADVANCES IN DEHYDROGENATION TECHNOLOGY

Dehydrogenative reactions have proved to be of great importance in a number of important appli-
cations, such as catalysis, energy storage, polymer synthesis, materials science, etc. Overall, dehy-
drogenative reactions play a vital role in a variety of important applications and are essential for
the development of new materials, catalysts, and energy storage systems. Tremendous growth has
been observed in the applications of dehydrogenative reactions toward a better and sustainable
future. The development or progress of any process demands safety, sustainability, and improved
efficiency. Environmental safety entails minimizing the use of hazardous chemicals and minimal
hazardous manufacturing waste. The use of green chemicals, catalysts, and eco-friendly methods
not only aids in enhancing the effectiveness of the process but also makes it an environmentally
friendly and sustainable approach. Similar perspectives are listed as follows:

* Development of the existing catalytic technologies via the designing of more selective,
active catalysts

» Developing sustainable, eco-friendly, and green dehydrogenation technologies

* Selective hydrogen oxidation for the design and development of novel catalysts and facile
processes

* Development of membrane separation techniques for removing hydrogen from the
dehydrogenation product

* Development of oxidative dehydrogenation techniques

* Green, sustainable, safe, and environmentally friendly manufacturing techniques

* Development of new catalysts replacing noxious metals and metal oxides

* Development of reformed heterogeneous catalysts via surface modifications

» Efficient heterogenized-homogeneous catalysts developed for modified dehydrogenation
reactions

A detailed discussion about the recent advances in dehydrogenation technology with a focus on
these listed topics can be found in Chapter 12, Future Aspects of Dehydrogenative Reactions, of
this book.

1.7 SUMMARY

Cross-coupling dehydrogenative reactions involve the elimination of an H, molecule that leads to
the formation of a C-C or C-Heteroatom bond. The applications and chemistry of dehydrogenative
reactions are vast. They are widely used for hydrocarbons, alcohols, amines, acids, and heterocyclic
compounds to prepare molecules of commercial importance. Reports are also available on the use
of dehydrogenative technologies for hydrogen storage and utilization and the preparation of valued
pharmaceutical compounds. A lot of progress has been made in this area regarding understand-
ing the mechanism of the reactions and their use for application in various fields. However, some
challenges remain unanswered to date. These challenges of today are prospects for the future and
provide directions for further exploration.
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Transition Metal-Based
Catalyst for Dehydrogenation
Reactions of Organic
Compounds

Atul Kumar

2.1 INTRODUCTION

Transition metal-based systems have emerged as homogeneous catalysts that have profound appli-
cations in organic synthesis. The unusual reactivity and selectivity via C-H/C-OH bond activation
derive the reactions to more complex organic synthesis. Transition metal (TM) catalysts featuring
the controlled fixation and release of hydrogen provide an alternative strategy to perform dehy-
drogenation and hydrogenation reactions within the same catalytic cycle in a single step. The
process of bond formation between two substrates involving coupled dehydrogenation and a hydro-
genation step without using any external hydrogen donor/acceptor source is termed hydrogen auto
transfer (HA) or acceptor-less dehydrogenation coupling (ADC).!* Traditional organic synthe-
sis mostly utilizes reactive or activated reagents such as alkyl bromide (R-Br) or alkyl tosylate
(R-OTs) as coupling reagents for cross-coupling or substitution reactions in bond formation reac-
tions. Although these reactions feature high conversion, they lack selectivity in product formation
and are non-atom economical as they generate multiple products.’ Thus, organic synthesis through
these reactive reagents on a bulk/industrial scale increases the large waste formation and leads to
acute environmental problems. Replacing R-B1/R-OTs with less reactive R-H/R-OH as alkylating
agents is an alternative green chemistry approach as it avoids the use of toxic reagents and is atom
economical as it forms minimal byproduct.® However, C-H/C-OH bonds are unreactive and thus
need activation components for substitution/cross-coupling reactions. TM catalysts provide an
alternative mode of bond activation through oxidative dehydrogenation to overcome this intrinsic
nonreactivity. Metal-substrate binding followed by bond construction steps in a one-pot synthesis
with a single or two metals acting as a tandem catalyst are key steps involved in dehydrogenation
reactions.’” In these aspects, activation of the C-OH bond in alcohol, C-NH, bond in amine, and
C-H bond in alkane via oxidative dehydrogenation provides a cheap alkylating agent source. In
this chapter, we mainly focus on the activation of the substrate (alcohol, amine, and alkane) by a
TM catalyst featuring oxidative dehydrogenation to construct a variety of C-C and C-N bonds in
organic synthesis.

2.2 N-ALKYLATION BY DEHYDROGENATIVE ALCOHOL ACTIVATION

C-N bond construction is one of the most crucial synthetic steps followed to design a wide range
of organic compounds. The formation of the C-N chemical bond can be achieved through addition,
substitution, pericyclic, and cross-coupling reactions. The traditional approach utilizes the concept of
N-alkylation of amine to construct a C-N bond through a cross-coupling reaction between amine and
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alkyl/aryl halide, tosylates, triflates, sulfonates, etc. However, this approach faces a severe drawback
in governing the selectivity of the product as it often results in the formation of a mixture of differ-
ent mono/di/tri/tetra-substituted alkylated products. In recent decades, significant progress had been
made in C-N bond formation using a TM-catalyst via cross-coupling reactions.®-'° The formation of
the C-N bond is accomplished through the alkylation of amine (amination reaction) using activated
alcohol. In general, the process involves three steps: i) the alcohol functional group is dehydrogenated
(oxidized) to the corresponding aldehyde by a TM catalyst; ii) generated aldehyde reacts with amine
and leads to the formation of hemiaminal that upon dehydration, gives imine intermediate, and iii) the
imine is hydrogenated by an in situ-generated metal-hydride complex to give the final amine product
(Figure 2.1). The reaction is highly atom economical as the generated H, during dehydrogenation of
the starting material is reutilized in the hydrogenation of in situ formed imine intermediate within the
same catalytic cycle and generates only water as a side product.

The scope of N-alkylation by alcohols ranges from the synthesis of simple amines to heterocyclic
compounds such as quinolines, indoles, etc. When this reaction is used in tandem with multistep
synthesis, the formation of more complex products can be achieved. Ruthenium- and iridium-based
catalysts are generally used for these reactions. The reactions are usually performed at room tem-
perature to moderate heating conditions in the presence of a mild base.!

The first report of the N-alkylation of alkyl/cycloalkyl amine via homogeneous catalysis was
reported in 1981 by Grigg and co-workers using an Rh hydride complex [RhH(PPh,),] (also known
as Grigg’s hydride Rh complex) (Figure 2.2).!? Thereafter, several catalysts based on iridium, ruthe-
nium, copper, iron, cobalt, manganese, and palladium were developed.

M] 1
RTOH «ooeeeeess > RN
AH
M] ﬂ\
[MH;] '/

NH,R! R,\\N,R1

H,0
FIGURE 2.1 Schematic representation of metal-catalyzed dehydrogenative coupling of alcohol via a hydrogen

auto-transfer (HA) process.

~~NH, _RIHEPh), (Bmol%)
2 T MeOH, 8h, reflux

1 2 (98%)
NH H
O 2 RhH(PPh;),; (5mol%) = N_
EtOH, 8h, reflux
3 4 (99%)

FIGURE 2.2 N-alkylation of alkyl amine using RhH(PPh,), catalyst.
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2.2.1  N-ALKYLATION BY RUTHENIUM CATALYST

Ruthenium complexes are typically effective catalysts for the N-alkylation of amine with alcohols
through the HA process. The first ruthenium catalyst for N-alkylation reaction competent for ali-
phatic amines was reported in 1982 by Murahashi and co-workers using a [RuH,(PPh,),] catalyst.!3
This catalyst shows a similar catalytic activity as Grigg’s hydride Rh complex as both catalysts are
effective for alkyl substrates and remain ineffective for aryl substrates (Figure 2.3).

N-alkylation of arylamines/aminoarenes was first reported by Watanabe and co-workers using
either a [RuCl,(PPh,),] or [RuCl;L] (where L= monophosphine) complex.!* Heterocyclic aryl-
amine was also N-alkylated using these Ru catalysts. For example, [RuCl,(PPh,);] efficiently
catalyzes the synthesis of 1-phenylpiperidine (10) by N, N’-dialkylation of aniline (8) with pen-
tane-1,5-diol.’ In another approach, the N-alkylation-induced cyclization of 2-(2-aminophenyl)
ethan-1-ol (11) resulted in the synthesis of 1H-indole (12) in the presence of a [RuCl,(PPhj),]
catalyst (Figure 2.4).1°

However, the selectivity of monoalkylation vs dialkylation remains a major challenge in the
N-alkylation of primary aryl/alkyl amines since the monoalkylation of primary amine results in
the formation of more nucleophilic secondary amine, which tends to react further to form a cor-
responding dialkylated product. In this regard, conventional N-alkylation by aryl halide possesses
serious drawbacks as it forms a mixture of different alkylated products. However, N-alkylation by
alcohol activation has the advantage of a secondary amine, which is formed after the alkylation of
primary amine becomes an inactive substrate for further alkylation. Since secondary amine upon
further reaction with an aldehyde (resulting from alcohol activation) will generate an unstable
iminium cation intermediate, the formation of this iminium cation is unfavorable under normal
conditions, particularly in nonpolar solvents. Watanabe et al. has established the selective formation

R1”NOH 4l RZ/\NHZ RuH,(PPh3)4(2.5 mol%)
Neat, 6h, 180°C

R1/\N/\R2

R' = hexyl R2 = heptyl
5 6 7 (98%)

FIGURE 2.3 N-alkylation of alkyl amine using a RuH,(PPh;), catalyst.

n
(>/NH2 RuCl,(PPhs3); (1 mol*’ﬁ ©/N( Pr),
"PrOH, 5h, 180°C

8 9 (88%)
RuCl,(PPh3); (1 mol%) O
-
pentane-1,5-diol,
dioxane, 5h, 180°C
10 (89%)
OH
O\/\/ RuCly(PPh3); (2 mo|°@ A
NH, Toluene, 6h, reflux N
H
1 12 (100%)

FIGURE 2.4 N-alkylation of aryl amine using a RuCl,(PPh,); catalyst.
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of either a mono- or di-alkylated product in an N-alkylation reaction that depends not only on
the type of Ru-complex used for catalysis but also on experimental conditions. For example, the
[RuCl,(PPh,),] catalyst promotes N, N’-dialkylation of 2-aminopyridine (13) with an excess of
ethanol under a long reaction time.!3 Meanwhile, the [Ru(cod)(cot)] catalyst (cod=cyclooctadiene,
cot=cyclooctatriene) selectivity of N-mono-ethylate 2-aminopyridine occurs in the presence of
ethanol (Figure 2.5)."7

N-alkylation selectivity has also been demonstrated by the reaction of ethylene glycol with sec-
ondary amine (16). In this case, the formation of either monosubstituted amino alcohol (17) or
diamines (18) depends upon the ruthenium catalyst employed in the reaction. A phosphine-based
ruthenium catalyst [RuH,(PPh,),] or [RuCl,(PPh,),] exclusively form diamines (18), while RuCl,.
H,O forms the amino alcohol (17) (Figure 2.6).!® However, the selectivity of diamine (18) forma-
tion using a [RuCl;-nH,0] catalyst decreases as PPh, is added to the reaction mixture. Similarly,
[(PPh;),Ru(CH,CN)]BPh, is selective towards monoalkylation,'”” while a [J’l5 —CpRuClI(PR,),]
complex mostly gives a disubstituted product through the N-alkylation of aliphatic amine with
methanol.?°

The organometallic complex [Ru(p-cymene)Cl,], is another important catalyst that is most
widely utilized in a variety of N-alkylation reactions. In general, the catalytic activity of [Ru(p-
cymene)Cl,], is activated by bidentate phosphine such as dppf (bis(diphenylphosphino)ferrocene)
or DPEphos.?! A variety of alkyl/aryl substrates such as t-butylamine, aniline, 1-phenylethylamine,
and 2-aminopyridine have been successfully alkylated by [Ru(p-cymene)Cl,], to give correspond-
ing secondary amines with a high yield (Figure 2.7).

The medicinally important drug Piribedil (26) used for the treatment of Parkinson’s disease is
prepared by the N-alkylation of a cyclic amine-based piperidine substrate with piperonyl alcohol
(Figure 2.8(1)). A [Ru(p-cymene)Cl,], and DPEphos have been found to be active catalysts for the

Ny (Y2 RUCI(PPhg)s (5 mol%) @NHZ Rufooroot) S molt_ Ny NH(Et)
O EtOH, 20h, 180°C 2 EtOH, 5h, 180°C ()/
13

15 (85%)

14 (70%)

FIGURE 2.5 Mono vs di-N-alkylation of aryl amine using a ruthenium catalyst.

o™ <RUCHPPho); (1 mot%) 0™ RuClyH,0 (1 mol%) -
K/N\/\OH o ~OH NH Ho~OH K/NV\N/\
2h, 120°C 2.5h, 120°C 0
wiEH 16 18 (80%)

FIGURE 2.6 Ru-catalyzed N-alkylation selectivity of secondary amine in the presence of ethylene glycol.

@—Pph,_

Fe
o, i 1
R NOH 4+  R-NH, [Ru(p-cymene)Cl,], (2.5 mol /u)> R/\N’R @—Pth
. dppf (5 mol%) {for 20} H
R=alkyllaryl  R'=alkyllaryl  ppgPphos (5 mol%) {for 21) dppf

22 (from 19 and 20)

19 20 Toluene, refux, 24h
AN
+  (Me)NH A OQ
21 23 (from 19 and 21) Ph, PPh,)

DPEPhos

FIGURE 2.7 [Ru(p-cymene)Cl,], catalyzed N-alkylation alkyl/aryl amine with alcohol.
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N-alkylation of even challenging substrate sulphonamide (27), which is an important reagent for
drug development (Figure 2.8(ii)).2?

The [Ru(p-cymene)Cl,], shows very high functional group tolerance as para- and meta-boronic
ester substrate-bearing amines (33) groups are successfully N-alkylated without affecting boronic ester
(Figure 2.9).3

A combination of an (arene)ruthenium (II) (38) complex and camphorsulfonic acid (CSA) promotes
a highly regioselective cascade N- and C(3)-dialkylation of amines such as piperidine, pyrrolidine,
and azepane with benzylic alcohol through the HA process.?* The mechanistic detail involving the
reaction of piperidine and benzyl alcohol suggests that CSA assists ammine activation and enables
it for both N- and C(3)-dialkylation in the presence of an Ru-catalyst (38). However, the reaction
often competes with its analog mono-N-alkylated product (Figure 2.10). Shvo’s diruthenium com-
plex {[Ph,(n >-C,CO)],H]}Ru,(CO),(u-H) also promotes the N-alkylation of N-heterocyclic com-
pounds such as indoles (Figure 2.11).>> Williams and co-workers also synthesized benzimidazole
via N-alkylation using a Ru(PPh;),(CO)H, catalyst in the presence of Xantphos. In this case, piperi-
dinium acetate acts as a base that converts imine (formed after the N-alkylation process) into an
iminium ion and hence promotes nucleophilic attack by the adjacent amine group leading to the
formation of cyclized product (46) (Figure 2.12).26

The primary alcohols are more reactive than the secondary alcohols for the N-alkylation reaction
since the activation of primary alcohol produces the aldehyde, which is more electrophilic than the
ketone that is formed after secondary alcohol activation. However, the activation of secondary alco-
hols (and primary alcohol) by [Ru,(CO),,] results in the successful N-alkylation of primary amines.

HO

" NN =N /_\
I) | N/)\N [Ru(p-cymene)Cl,], (1.25 mol%L \ N/>—N‘ N
N + dppf (2.5 mol%) =
K/NH (o) Toluene, refux, 24h
b o °

24 25 Piribedil (26)

. Oy ,° [Ru(p-cymene)Cl,] (2.5 mol%) (NP
II) R>S(NH ~+ R'“ NOH » ij A
2 DPEphos (5 mol%) R ﬂ R

K,COj3, Toluene, refux, 24h
27 28 29

FIGURE 2.8 [Ru(p-cymene)Cl,], catalyzed N-alkylation i) for the synthesis of piribedil and ii) of
sulphonamide.

o_0 " 0,0
4+ HN
R
Z—OH g LNRz
30 31 [Ru(p-cymene)Cl,], (2.5 mol%) 32 (from 30 and 31)
DPEphos (5 mol%)
Na,CO3, Xylene, 155°C, 24h
o._ .0 . O
B
@ M Q
NH, - NHR

33 35 (from 33 and 34)

FIGURE 2.9 Functional group tolerance in N-alkylation reactions using [Ru(p-cymene)Cl,], catalysts.
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FIGURE 2.10 N-, C(3)-dialkylation of pyrrolidine by the HA mechanism.
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FIGURE 2.11 Ru-catalyzedN-alkylation of indole with alcohol.
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H idini 0,
a“ 45 Piperidinium acetate (15 mol%) ik
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Toluene, reflux, 8h

Xantphos
FIGURE 2.12 Ru-catalyzed N-alkylation for the synthesis of benzimidazole.

For example, the combination of [Ru,(CO),,] and 1,2-bis(dicyclohexylphosphino)ethane (DCPE) acts
as an active catalyst for the preparation of the class of important amino acid derivative of a-amino
acid amides (49) by the N-alkylation of amines (48) with a-hydroxyl amides (47) (Figure 2.13).%

2.2.2  N-ALKYLATION BY IRIDIUM CATALYST

Similar to ruthenium catalysts, iridium-based catalysts have found profound applications in alcohol
activation (dehydrogenation) and promote N-alkylation reactions. In these aspects, Cp* (775 —-p
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entamethylcyclopentadienyl)-based Ir complexes were first utilized for N-alkylation reaction and
show promising catalytic activity.

Fujita and Yamaguchi first reported Oppenauer-type oxidation of primary and secondary
alcohols in the presence of catalyst [Cp*IrCl,], in acetone.?® Later, [Cp*IrCl,], was utilized for
the dehydrogenation of alcohols for N-alkylation reactions, where a wide range of substrates
ranging from primary to secondary alcohol and amines (both primary and secondary) was
employed.?” Usually, a base is required in this case for catalyst activation. Although high catalyst
loading (as high as 5 mol%) is required, the catalyst shows very high selectivity for the formation
of a monoalkylated product. Even the catalyst shows the formation of secondary and tertiary
amines by di- or tri-alkylation, respectively, by using quaternary ammonium salts under harsh
conditions (Figure 2.14).30

Depending on the base used, [Cp*IrCl,], shows chemoselective alkylation of benzylic alcohols
with 2’-aminoacetophenone (58) under microwave conditions. N-alkylation was observed with a
mild base K,CO;, while a stronger base such as KOH gives a C-alkylated product (Figure 2.15).3!

o o
o " 0, . i
R\|)LN,R 4 RNH, _Rus(COhz (2mol%) o R\HLN’R
on H DCPE (6 mol%) N H o Py,
tert-amyl alcohol R e
o A 160°C, 24h 49

FIGURE 2.13 Ru,(CO),,-catalyzedN-alkylation of amines with a-hydroxyl amides.

NH [Cp*IrCl;]; (2.5 mol%) L=
2 + R-OH 212 °= NH-R
K2CO; (5 mol%)

0,
50 51 Teluene, 11076, 170 52 R =cyclohexyl 52a (92%)

R = phenyl 52b (93%)

OH
©/\ NH, n [CP*IrCl,], (0.5 mol%) N

OH NaHCO, '©/\ Q
50 53

0,
Toluene, 110°C, 17 h 54 (72%)

Cp*IrCl], (1.5 mol?
OH [Cp*IrCl,]; ( mo A’ Q
NaHCO;3(6 mol%)

NH4OAc (0.27 equiv.)

(o]
55 Toluene, 130°C, 17 h 56 (92%)

FIGURE 2.14 [Cp*IrCl,], catalyzed N-alkylation reactions by alcohol dehydrogenation.

[o]
@fk [Cp*"c'z]z dk [Cp*er|2]2 dkﬂ
N/\R K2C03

H o~ RAOH
58 R SOH

N-alkylation C-alkylatlon

FIGURE 2.15 [Cp*IrCl,], catalyzed selective N-/C-alkylation of 2’-aminoacetophenone with benzyl
alcohols.
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[Cp*IrCl,], in the presence of NaOAc acts as an effective catalyst for the N-alkylation of amides
and carbamate (60) by an alcohol dehydrogenation process under solvent-free conditions.3? In the
first step of the catalytic cycle, alcohol coordinates to the Ir-complex and forms an iridium alkoxy
complex that is subsequently dehydrogenated to its corresponding aldehyde. Then, the catalytic
cycle follows Schiff base condensation to form imine, which is hydrogenated by an in situ-generated
iridium-hydride complex to give N-alkylated amide products (Figure 2.16).

[Cp*IrCl,], also catalyzes the N-alkylation of sulphonamides (62) with good to excellent yield
under reflux conditions in toluene/p-xylene in the presence of ‘BuOK.** The reaction mechanism
suggests the formation of unsaturated sulfonylimido-bridged unsaturated diiridium complex
[(Cp*Ir),(u-NTs),] as an active catalyst that promotes the dehydrogenative coupling of alcohol
(Figure 2.17).

The N-alkylation of N-monosubstituted ureas (65) is also carried out in the presence of
[Cp*IrCl,], to form N, N’-dialkyl ureas/N, N’-diaryl ureas (67) with a 70-93% yield.>* The reaction
is highly regioselective as no trace of Nl-alkylated or N3-dialkylated products was observed in this
case (Figure 2.18).

One of the important catalytic aspects of [Cp*IrCl,], is in the N-alkylation of heteroaryl amines
(68) through alcohol using the HA mechanism. The [Cp*IrCl,],/NaOH catalytic system is effec-
tive for methylating arylamines by the dehydrogenation of methanol under solvent-free conditions.
Similarly, N-heteroaromatic amines (68) are efficiently N-methylated using methanol, with 88-95%
yields.® The reaction is highly selective towards monoalkylation (69) but requires a large amount of
methanol as it acts as both an alkylating agent and a solvent (Figure 2.19).

Anionic P, N-ligand based iridium(I) complex 72 or 73 was also used for the N-alkylation of
N-heterocyclic amines (70) with benzyl alcohol (71). In this case, Ir complex 72 is more stable than
73 and thus exhibits higher catalytic activity than 73 (Figure 2.20).36

The synthesis of heterocyclic compounds such as benzoquinoline (76a) and benzoindoles (76b)
was successfully achieved by the N, N-dialkylation (N-heterocyclization) of naphthylamines (75)
with diols using iridium catalyst IrCl;.3H,0 in the presence of ancillary ligand BINAP (Figure
2.21).37 The selectivity of cyclization in this reaction is highly influenced by the ancillary ligand,

(o]
o] [C * )
p*IrCl,], (5 mol%)
111\ + R2/\OH 22 o R11LNAR2
R "NH, NaOAc (5 mol%) H
R! = OBu, OMe, Ph, Me RZ=aryl, alkyl 130°C, 17 h, neat -
60

Reaction mechanism

[Cp*IrCl;];

l/‘R/\OH
o)
R ONTR [|r]“°/\R2 RZ N0
[Ir] H
X 2
2
AN R1 N R2
Rz/\OH R1 ';l R2

[Ir]

FIGURE 2.16 N-alkylation of amide by iridium-catalyzed dehydrogenative coupling of alcohol.
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FIGURE 2.17 [Cp*IrCl,], catalyzed N-alkylation of sulphonamides and its reaction mechanism.
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FIGURE 2.18 Regioselective mono-N-alkylation of N-monosubstituted ureas using the HA process.
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FIGURE 2.19 Regioselective mono-N-alkylation of heterocyclic amines.
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FIGURE 2.20 N-alkylation of 2-aminopyridine with benzyl alcohol using a P, N-ligand-supported
Ir-complex.
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FIGURE 2.21 Synthesis of benzoquinoline and benzoindoles using a IrCl;.3H,0O catalyst.
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FIGURE 2.22 N-alkylation selectivity of aniline with diol using an iridium-NHC complex.

as under similar reaction conditions, N-alkylation aniline (2 equiv.) (8) with propane-1,3-diol
using Ir-NHC catalyst 77 or 78 results in the formation of a mixture of mono-aminated (79a),
di-aminated (79b), and reductive mono-aminated (79¢) products.?® Hence, product selectivity is
highly influenced by the nature of the iridium catalyst and also depends on the external ligands
employed in the reaction (Figure 2.22).

Chelate ring featuring phosphane-sulfonate-based iridium(III) organometallic complex (82) was
used as an efficient catalytic system for the synthesis of N-arylpiperidine derivatives (86) by a three-
component reaction of aldehyde (83), diol (81), and amine (80) through a tandem hydrogen transfer
process involving the endo-dehydrogenation of piperidine.?® The first steps of the catalytic cycle
involve the N, N-dialkylation of aniline derivative 80 by the dehydrogenation of diols 81 followed
by the hydrogenation of imine to form intermediate 84, while in the second step, Ir(III) catalyzes
the endo-dehydrogenation of 84 to form another intermediate 85, which upon condensation with
aldehyde 83, formed final N-arylpiperidine derivatives 86 (Figure 2.23).



TM-Based Catalyst for Dehydrogenation of Organic Compounds 23

R2
NHZ R2
82 (3 mol%) WNR3
s R3CHO {83} (1.1 eq.)
CSA(Tmol%) > N
HO OH (Lol
R HCOOH (2 eq.)
80 81 Toluene, 150°C Q
Ir-cat 82 R!
l (-2 H,0) 48
R ® 9 @
RY "H I
ﬁj ﬁj = Ph “Ir\/CI
i —— Pt D
S~
Z g ) WO
o
1
R1 R 82
84 85

FIGURE 2.23 Tandem hydrogen transfer for the synthesis of N-arylpiperidine derivatives.
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FIGURE 2.24 N-alkylation of aryl amine with allylic alcohol using a Pd(OAc), catalyst.

2.2.3 N-ALKYLATION BY PD CATALYST

Compared to ruthenium or iridium, palladium-based catalysts have been less explored for the
N-alkylation of amine with alcohol. In this aspect, Pd(OAc), acts as a versatile catalyst for the
N-monosubstitution of primary alcohol with poor nucleophilic amines (aromatic/heteroaromatic
amines, carboxamides, and phosphazenes).*® For example, Pd(OAc), in the presence of
1,10-phenanthroline can effectively alkylate aryl amine by allylic alcohol (87), affording the forma-
tion of allylic amines (88) (Figure 2.24).*' Pd(OAc),/K,CO; in aerobic condition*? and PdCl,/dppe/
LiOH {dppe = 1,2-Bis(diphenylphosphino)ethane}*} catalytic systems have been found to be effec-
tive for the N-alkylation of amines/amide with both primary and secondary alcohols.

2.2.4 N-ALKYLATION BY CoPPER/IRON CATALYST

Compared to 4d/5d-TMs such as ruthenium and iridium, 3d-TM is less explored as a catalyst for
N-alkylation reaction. However, significant progress had been made in the development of Cu- and
Fe-based catalysts due to their promising features of being cheaper and more readily available than
their heavier metal congeners. In this aspect, Cu(OAc), acts as an efficient catalyst of the N-(mono)
alkylation of the less nucleophilic aromatic and heteroaromatic amine and sulfonamides (62), phos-
phinamides, carboxamides, and phosphazenes with primary alcohols (Figure 2.25(i)).**7 Cu(OAc),
requires a strong base '‘BuOK for the formation of catalytic active species Cu(OAc)(NH-Ph), and the
catalytic cycle consists of a sequential three-step process: i) dehydrogenation of alcohol and forma-
tion of a copper hydride complex, ii) Schiff base condensation of aldehyde and amine to form imine,
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and iii) reduction of imine by a copper hydride complex that again regenerates the active catalyst
(Figure 2.26).48

CuCl/NaOH has also been used as an efficient catalytic system for the regioselective substitution
of benzylic alcohols with 2-aminobenzothiazoles (90) with high yields (Figure 2.25(ii)).*

Iron-based ferric oxide (Fe;0,) {20 mol%} acts as an effective catalyst for mono-N-alkylation for
a wide range of amines with benzylic alcohols by the HA process.>® FeCl,/K,CO; catalyst systems
have been found to be effective for the high conversion of the mono-N-alkylation of sulfonamides
with benzylic alcohol.’! Similarly, a combination of FeBr;, 1,2,4-trimethylbenzene (1,2,4-TMB),
and DL-pyroglutamic acid ligand (aa) is also selective for mono-N-alkylation of aryl amine (8) with
benzyl alcohol (Figure 2.27).5

The formation of a direct C-N bond is also achieved through a bifunctional catFe-0 complex
via the HA process that performs both dehydrogenations of alcohol and the hydrogenation of
imine intermediate (Figure 2.28).°% In this case, a catFe-0 complex acts as an active catalyst for
the N-alkylation of alcohol with the amine. Pre-catalyst catFe-1 is activated by Me;NO to form an
active bifunctional Fe complex catFe-0 and is converted into its reduced form Fe-hydride complex
catFe-H in the catalytic cycle. This synthetic protocol is highly effective for the (i) mono-substitution
of various alcohols with amine and benzylamine and (ii) preparation of five- to seven-membered
N-heterocyclic compounds using diols.

N "/ Cu(OAc); (1 mol% o_,0
|) 1:S/\NH + RZAOH ( )2 ( o)= ‘\S’: o
R 2 K,CO3 (20 mol%) R1” H R
Sioimny

62 150°C, air, 3h o
" N cucl (1 mol%) N /Ar
i) Q S—NHz + Aron - Oiy—ua

K S NaOH (20 mol%) g s
(e}
90 p-xylene, 130°C, 12h 91

FIGURE 2.25 N-alkylation of i) sulfonamides using Cu(OAc), and ii) heterocyclic amine using a CuCl
catalyst.
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FIGURE 2.26 Possible catalytic cycle for Cu-catalyzed N-alkylation by the HA process.
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FIGURE 2.27 Tron-catalyzed N-alkylation of aniline with benzyl alcohol.
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FIGURE 2.28 Iron-catalyzed N-alkylation of aniline with benzyl alcohol.
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FIGURE 2.30 Ru-catalyzed di-amination of isosorbide by ammonia.

2.2.5 SYNTHESIS OF PRIMARY AMINE FROM ALCOHOL AND AMMONIA/AMMONIUM SALT

Primary amines are important precursors that are widely used for the synthesis of a wide range of
organic derivatives. The traditional approach for the synthesis of amines includes the reduction of
functional groups such as nitro and nitrile. These methods of amine preparation are still widely used
in laboratory synthesis, but the high cost of nitro/nitrile derivative is a serious drawback to the bulk
synthesis of amines on an industrial scale. In these aspects, the HA process provides an alternative
approach to synthesizing primary amine using very cheap precursors of alcohols and ammonia.>*
Beller? and Vogt™ at the same and first time reported the amination of secondary alcohol with liquid
ammonia using catalyst Ru;(CO),, in the presence of pyrrole phosphine ligand in an autoclave at 140—
150°C (Figure 2.29). In another approach, RuHCI(CO)(PPh,),/Xantphos catalyzes the diamination
of isosorbide using ammonia in tert-amyl alcohol at 150°C (Figure 2.30).>” This catalytic system was
found to be effective for the synthesis of amine from corresponding primary/secondary alcohol, diols,
and hydroxyl-based esters with a high yield. Mechanistic investigation of amine substitution in cyclo-
hexanol by RuHCI(CO)(PPh,),/Xantphos catalyst indicates the formation of inactive dihydrido ruthe-
nium complex (93d) through a reaction of Ru-xantphos complex with alcohol in the presence of a base.
Inactive dihydrido Ru-complex (93d) gets reactivated (93e) by in situ-generated imine intermediate
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FIGURE 2.31 Reaction mechanism for the amination of alcohols with NH,; by a RuHCI(CO)(PPh,); catalyst
in the presence of Xantphos.

resulting from the Schiff base condensation of formed ketone (cyclohexanone) and ammonia. The
catalytic cycle closely resembles the HA mechanism comprising both the dehydrogenation (of alcohol)
and hydrogenation (of imine intermediate) steps (Figure 2.31).%8

The modified analog of Milstein’s acridine-based PNP-Ru(II) pincer complex 96 was found to be
a highly efficient catalyst for the amination of primary alcohols to generate corresponding amines
(Figure 2.32).54 In this case, the high catalytic activity and selectivity of the product do not depend
on metal-ligand cooperation as investigated from reaction optimization and density functional theory
calculation on the behavior of substrates, intermediate, and active catalyst forms.>

The formation of higher-order amine from alcohol was successfully realized with water-
soluble Cp*-based Ir-amine complex [Cp*Ir(NH;),]1, (98).9° The catalyst found its versatility in
the multi-alkylation of liquid ammonia with primary or secondary alcohol affording a verity of
secondary and tertiary amines. For example, [Cp*Ir(NH,);]I, complex effectively catalyzes the
amination reaction of ammonia with 1,5,9-nonanetriol (97) to generate N-heterocyclic compound
as quinolizidine (99) with an 85% yield in a one-pot synthesis (Figure 2.33).

Commercially available ammonium salts are the chief source of the starting materials used as
alkylating agents in the preparation of higher-order ammines. For example, [Cp*IrCl,], efficiently
catalyzes the trialkylation of ammonium acetate with an excess of benzyl alcohol at 160°C under a
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FIGURE 2.32 Acridine-based PNP-Ru (II) catalyst for the amination of primary alcohol.
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FIGURE 2.33 Synthesis of quinolizidine by amination reaction using [Cp*Ir(NH,),]1, catalyst.
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FIGURE 2.34 Metal-catalyzed multi-alkylation of alcohols with ammonium salt.

microwave condition, affording the formation of tertiary amines (Figure 2.34(i)).5' [Cp*IrCl,], also
catalyzes a one-pot synthesis of five/six-membered cyclic amine from multialkylation of NH,BF,
with diols (Figure 2.34(ii)).5

The formation of tertiary amine using the alkylation of a primary amine with NH,Cl/NH,OAc
was also achieved using [Cp*IrCl,(amidine)] (100) and Ru-based Shvo’s catalyst with an excellent
yield of up to 99%.9 The high catalytic efficiency of 100 is attributed to the presence of the NH
group in amidine ligand in Ir-complex (100), which generates a highly active precatalyst 101 during
the catalytic cycle (Figure 2.34(i)).

2.2.6 ENANTIOSELECTIVE SUBSTITUTION OF ALCOHOLS BY AMINE

The synthesis of chiral amines has special importance due to their vast demand in the pharmaceu-
tical and chemical industries. Traditionally, chiral amines were synthesized by asymmetric hydro-
genation and reductive amination of ketimines and ketone, respectively. However, all of these
reactions are not atom economical as they require various external reductants such as silanes,
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formic acid, Hantzsch esters, and hydrogen gas during synthesis. In recent years, considerable
attention had been given to the TM-catalyzed asymmetric catalysis of chiral amines using the HA
mechanism.%% The suitable combination of a TM catalyst and chiral ancillary ligand has impor-
tant implications for the enantioselectivity of product formation. A combination of [RuCl,(p-
cymene)], and (S,R)-Josiphos (106) is used as an asymmetric catalyst for the enantioselective
synthesis of f-amino alcohol (107) through the treatment of secondary amines with racemic diols
(105) (Figure 2.35).6¢

Ruthenium (II) PNP-pincer complex (Ru-Macho) (110) acts as an efficient catalyst for the
formation of a-chiral fert-butanesulfinamides (111) with high ee > 95:5 dr (89% yield) by the
enantioselective N-alkylation of chiral fert-butanesulfinamides (109) with racemic secondary
alcohol (108) using the HA process (Figure 2.36).9

Chiral ligand supported Cp*Ir-complex (S,S)-112 is used as an asymmetric catalyst for
the synthesis of chiral amines by the enantioselective amination of secondary alcohol (108)
with aromatic amines in high ee>97% via the HA process.®® Similarly, catalyst (S,S)-112 also
catalyzes stereoselective intramolecular N-cyclization of compound 115 by the intramolecular
amination reaction, affording the formation of chiral methyl substituted quinoline (116)
(Figure 2.37).

PCyz
OH H [RuCly(p-cymene)]; (2.5 mol%) OH R?
)\/OH + RZ’N\ 3 : : > N i
106 (6 mol%) * “R3 Fe PPh,
105 toluene, 100°C, 24h 107 <=

(99%, ee>77%)
(S,R)-Josiphos (106)

FIGURE 2.35 Ru-catalyzed enantioselective substitution of amines with an achiral diol.

o (H\Pth
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108 o toluene, 100°C, 24h R'"” “R? PPh;
111

110 (Ru-Macho)
Reaction mechanism

110

lKOH
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FIGURE 2.36 Ru-catalyzed asymmetric amination of alcohol by Ellman’s sulfinamides.
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FIGURE 2.37 Enantioselective N-alkylation by chiral Ir-complex.

2.2.7 RebpucTivE N-ALKYLATION WITH ALCOHOLS

Nitroarenes are one of the cheap starting materials available that are used on a commercial scale for
the production of a wide range of industrially important analogs through the reduction of the nitro
group. In our previous discussion, we emphasized C-N bond formation by amines and alcohol via
the TM-catalyze HA process. In recent years, a synthetic protocol has been developed where the
N-alkylation of alcohols can be accomplished with in situ reductions of nitroarenes through the HA
strategy.®® As depicted in Figure 2.38, the reduction of alcohol (by a TM catalyst) serves as both a
hydrogen source for nitro reduction and an imine intermediate. The catalytic cycle comprises a cou-
ple of hydrogen transfer steps in a cascade fashion: i) reduction of nitro to amine, ii) alcohol reduc-
tion, and iii) reduction of imine intermediate, which is formed by Schiff base condensation from in
situ-generated aldehyde and amine. This synthetic strategy requires a large amount of alcohol but is
still used as a simple and versatile approach for the synthesis of bulk amounts of secondary amines
using inexpensive nitroarenes and alcohols on an industrial scale.

Ru(CO)(H),(PPh,) in the presence of N-heterocyclic carbene (NHC) acts as an efficient catalyst
for the preparation of tertiary amines by the reductive amination of nitroarenes with an excessive
amount of primary alcohols (7.5 equiv.) at 150°C under an inert atmosphere through the HA mecha-
nism (Figure 2.39).% Similarly, a [Ru(p-cymene)Cl,]/dppb/K,CO; (dppb = diphenyl phosphobutane)
catalytic combination affords the exclusive formation of secondary amines by the reductive amina-
tion of nitroarenes with primary alcohols at a high temperature (130°C) under an inert atmosphere.”
However, the reductive N-alkylation of benzonitrile substrate using RuCl,/PPh,/K,CO; requires
harsher conditions to synthesize the same secondary amine products (Figure 2.40).70

The synthesis of diarylamines (117) with excellent yield was achieved from the reaction of
cyclohexanone and nitroarenes using Pd(OAc),/Xantphos or Pd(OAc),/XPhos as a catalyst system
(Figure 2.41).”! The catalytic cycle involves three consequent steps: i) Pd-catalyzed dehydrogenation
of cyclohexanone to form cyclic enone and PdH,-complex, ii) hydrogenation of nitrobenzene by an
in situ-generated PdH,-complex to form corresponding amine, and iii) aldol condensation of in situ-
generated cyclic enone and amine intermediates to form imine, which upon subsequent reduction
with a metal catalyst, generates diarylamines as a final product.

2.3 C-ALKYLATION BY DEHYDROGENATIVE ALCOHOL ACTIVATION

The carbon-carbon bond formation is one of the most challenging and versatile reactions used
for the synthesis of a wide range of organic compounds. In this aspect, a-alkylation of enolate via
aldol condensation is widely used to construct a C-C bond in the presence of either an acid or base
or stoichiometric reagents. In recent decades, the development of hydrogen transfer complexes has
brought these reactions into the realms of homogeneous TM catalysts. Dehydrogenative coupling of
alcohol catalyzed by TM provides an alternative mode of aldol condemnation for the construction
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FIGURE 2.38 Metal-catalyzed amination of nitroarenes with alcohols.
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FIGURE 2.39 Ruthenium-catalyzed amination of nitrobenzene derivatives with alcohols.
CN
RuCl3 (5 mol%) dl
uCls (5 mol%)
+ RoH
PPh; (5 mol%)
R1 K2CO3 (15 mol%

140°C, 9-24h, N,
(81-94%)

FIGURE 2.40 Ruthenium-catalyzed N-alkylation of benzonitrile derivatives with alcohols.

of C-C bonds.” There are two modes of aldol-based coupling by an alcohol activation strategy that
can form a C-C bond: i) by alcohol-alcohol coupling or B-alkylation of secondary alcohols and ii)
alcohol-ketone coupling or a-alkylation of ketones. As depicted in Figure 2.42, the a-alkylation of
ketones often generates either ketone or o, B-unsaturated ketone, while alcohol-alcohol coupling
mostly generates alcohol as a product. TM-catalyzed C-alkylation reactions provide a versatile
approach to construct C-C bonds as the scope of substrate selection as alcohol derivatives are high
compared to traditional aldol condensation reactions using ketone. In addition, the reactions are
atom economical and generate minimal waste, and in most cases, water is the only by-product

2.3.1 0-ALKYLATION OF KETONES AND ITS DERIVATIVE

Dehydrogenative coupling of alcohol with ketone will furnish alkylated ketone, a,f-unsaturated
ketone, N-heterocycle, or alcohol derivatives depending on the substrate used (starting with ketone
or functionalized alcohol).
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FIGURE 2.41 Pd-catalyzed reductive amination for the synthesis of diarylamine derivatives.
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FIGURE 2.42 Schematic representation for the i) a-alkylation of ketones and b) B-alkylation of secondary
alcohols.
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FIGURE 2.43 Iridium catalyzed a-alkylation of ketones.

Using the HA mechanism, [Cp*IrCl,],/PPh,/KOH catalytic system efficiently catalyzes the
a-alkylation of acetophenone (118) with 1-propanol (119) (Figure 2.43).73 Similarly, [IrCl(cod)}],/PPh,/
LiOH.H,O0 efficiently catalyzes the C-alkylation of substituted acetophenones with solketal (121) in
toluene at 110C. In this case, the synthesis of 2.5-disubstituted tetrahydrofuran (123) is achieved by
a reduction of 122 followed by subsequent cyclization promoted by FeCl, (Figure 2.44).7*In addition,
[RuCl,(p-cymene)],] in the presence of Xantphos and ‘BuOK acts as a catalyst for the a-alkylation
of substituted ketone with pyridyl methanol.”” The formation of branched ketone was efficiently
achieved using NHC-phosphine-Ir complex by dehydrogenative oxidation of methanol followed by
aldol condensation with ketone.” In a similar manner, Rhodium (IIT) complex {[Cp*RhCl,],} is also
used for the alkylation of methanol with a ketone (Figure 2.45).”7



32 Chemistry of Dehydrogenation Reactions and Its Applications
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FIGURE 2.44 Synthesis of 2.5-disubstituted tetrahydrofuran by a-alkylation of ketones.
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FIGURE 2.45 Metal catalyzed a-alkylation of ketones by (pyridyl)/methanol.

Similar to the a-alkylation of ketones, its derivative such as ester and amide can also be C()-
alkylated with alcohols using TM-catalyzed dehydrogenative coupling. Using [{IrCl(cod)},]/PPh,
in the presence of ‘BuOK acts as an efficient catalyst in the preparation of a-alkylated esters (127)
through the reaction of a primary alcohol with tert-butyl acetate (126) with an 89% yield.” Similarly,
the formation of a, o’-dialkylated esters, which are di-tert-butyl tridecanoate (129), was achieved by
replacing primary alcohol with diols (128) {Figure 2.46}.

Iridium hydride complex (131) in the presence of a base (BuOK/'BuOLi) acts as an efficient cata-
lyst for the a-alkylation of inactivated esters (130) and lactone derivative (cyclic ester) {133} with
primary alcohol.”” With an iridium-based pincer complex (136) as the catalyst, the a-alkylation of
acetamide (135) with primary alcohol has also been reported (Figure 2.47).39

2.3.2  B-ALKYLATION OF SECONDARY ALCOHOLS

Several TM-based complexes such as NHC/terpyridine-complexes of ruthenium and iridium,
Ru-alkylidenes, and [IrCp*Cl,], have been reportedly used for direct C-C bond formation by the
coupling of a primary alcohol with a secondary alcohol (Figure 2.48).8!-83

NHC-complexes of Ru(Il) or Ir(IIl) in the presence of a strong base such as KOH are the
most selective in forming alcohol.?? B-alkylation catalyzed by [RuCl,(dmso),] in the presence of
KOH results in the exclusive formation of alcohol product (141) by alcohol-alcohol coupling in
1,4-dioxane solvent (Figure 2.49).3¢ Studies suggest that 1,4-dioxane acts as a good hydrogen accep-
tor in the catalytic cycle, which governs the selective formation of the alcohol product. However, the
[{Ru(cod)C,,},J/PTA (PTA=1,3,5-triaza-7 phosphaadamantane) catalyst in the presence of a'BuOK
base gives ketone (142) as a major product by the coupling of 1-phenylethanol (140) and primary
alcohols.®

B-alkylation of alcohol has greater prospects in the synthesis of a wide range of alcohol deriva-
tives for various applications. For example, important biofuel material n-butanol is efficiently syn-
thesized with 94% selectivity by the TM-catalyzed B-alkylation of alcohols from ethanol-ethanol
coupling (Figure 2.50).8 The self-coupling of w —arylalkanols (143) catalyzed by [IrCp*Cl,], pro-
vides a useful strategy to synthesize industrially important o,w-diarylalkanes (144).8” The possible
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FIGURE 2.46 Iridium-catalyzed a-alkylation of esters.
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FIGURE 2.47 Iridium-pincer complex catalyzed a-alkylation of esters and amide.
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FIGURE 2.48 Formation of possible products by metal-catalyzed alcohol-alcohol coupling.
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FIGURE 2.49 Metal-dependent product selectivity of alcohol-alcohol coupling.
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FIGURE 2.50 Ru-catalyzed self-coupling of alcohols by the HA process.
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mechanism is proposed for simplified substrate, that is, the synthesis of 1,3-diphenylpropane (145g)
by the self-coupling of 2-phenylethanol (145a). The characteristic feature of the catalytic cycle
involves six main steps: i) metal-catalyzed dehydrogenation of alcohol to form its corresponding
aldehyde (145b); ii) self-condensation of aldehyde intermediate produces o,B-unsaturated aldehyde
(145c); iii) in situ-generated metal hydride reduces a,f-unsaturated aldehyde (145c¢) to its corre-
sponding alcohol 145d; iv) the alcohol (145d) is again oxidized by metal-complex to its saturated
aldehyde 145e; v) aldehyde (145e) is transformed into olefin intermediate by a series of steps involv-
ing oxidative addition, f-hydride elimination, followed by decarbonylation catalyzed by a metal
complex; and vi) the reduction of olefin intermediate (145e) to alkane (145g) by an in situ-generated
metal hydride complex (Figure 2.51).

2.3.3  0-ALKYLATION OF ACTIVATED NUCLEOPHILE

A TM-catalyzed alcohol activation strategy has been successfully employed to perform Knoevenagel-
type condensation/addition with various active methylene groups (Chart 2.1). This synthetic protocol
involved the HA process in which dehydrogenative coupling of alcohol with active methylene group
followed by in situ hydrogenation leads to the a-alkylation of activated nucleophiles (Figure 2.52).

Catalyst [RuH,(PPh,),(CO)]/Xantphos efficiently promotes the a-alkylation of S-keto nitriles
(146) with primary alcohol.®® Ru-NHC complex (149) efficiently catalyzes Wittig-type reactions
by the dehydrogenative coupling of alcohol with phosphonium ylide (148) followed by in situ
reductions of adduct (Figure 2.53).%°

A o [Cp*IrCl,],, 'BUOK N N
p-xylene, 120°C, 4h =

143 144 (n=4)

Reaction mechanism

i vi
ph 0 M ph~-CH [P pn vi) Ph" " ph
145f
145b 145a 1459
(ii) oxidative addition/
[irH,] [ (3] [irtHy]  (v) [ decarbonylation/
7 | -hydride elimination
P> >
Ph Ph (iii) Ph Ph (iv) Ph Ph
145¢ 145d 145e

FIGURE 2.51 Synthesis of o, o-diarylalkanes by alcohol activation process and its possible reaction
mechanism.
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CHART 2.1 Representative examples of activated nucleophiles for alcohol coupling by HA.
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FIGURE 2.52 General mechanism of the metal-catalyzed a-alkylation of the activated nucleophile with
alcohols.
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FIGURE 2.53 a-alkylation of i) B-keto nitriles and ii) ylide by activated alcohols.
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FIGURE 2.54 a-alkylation of i) oxindole and ii) indoles by activated alcohols.

Alcohols also serve as an alkylating agent for N-heterocycles or for the functional group attached
to it using a TM catalyst via the HA process. Using this process, monoalkylation at 3-position
in oxindole (151) has been successfully achieved by alkylation with primary/secondary alcohol
using a RuCl;xH,0 catalyst.®® Meanwhile, catalyst [Cp*IrCl,], selectively performs a 3-alkylation
of indoles (153) with functionalized primary alcohol (154) (Figure 2.54).!



36 Chemistry of Dehydrogenation Reactions and Its Applications

2.3.4 AsYMMETRIC C-C BoND FORMATION BY ALCOHOLS ACTIVATION

Use of an ancillary chiral ligand or chiral ligand-supported metal catalyst can promote tandem a-alkylation
and the asymmetric hydrogenation of carbonyl group (asymmetric hydride transfer by metal-hydride
complex to carbonyl), which leads to the possible formation of a stereoselective product. Asymmetric
B-alkylation of acetophenone with primary alcohol has been efficiently catalyzed by [{Ru(p-cymene)
Cl,},] in the presence of hydroxyamide-based chiral amino acid (156) (Figure 2.55).%2

A chiral iridium-based complex (R,R)-158 efficiently promotes a one-pot asymmetric coupling
of an aromatic aldehyde with the achiral diol (meso-diol) (158) in the presence of 2-propanol as an
external hydrogen donor with an 88% yield and 94% ee.”® The catalytic cycle features the dissym-
metric oxidation of diol followed by aldol condensation and then, the reduction of formed enone
intermediate by an in situ-generated Ir-hydride complex (Figure 2.56).

Allylic alcohol is enantioselectively functionalized by iron and chiralamine-mediated tandem
asymmetric catalysis in a single step, while the same reaction must be performed in multiple steps
in the classical synthetic approach (Figure 2.57).°* Here, two catalytic processes (dual catalysis)
operate in tandem in which the Fe-complex first catalyzes the dehydrogenative oxidation of allylic

[Ru(p-cymene)Cl,]; (1.1 mol%)

o OH /,,
156 (1.1 mol%) ““" N
A\ B
A,)l\“L R™ "OH BuOK (50 mol%), T A rR|aN_ " on
LiCl (10 mol%) 157 Boc
DMSO, 40-65°C 156

FIGURE 2.55 Enantioselective B-alkylation of ketone with alcohols by an Ru-complex in the presence of
chiral ligand.
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FIGURE 2.56 Chiral Ir-complex catalyzed the enantioselective coupling of aldehyde and alcohols.
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FIGURE 2.57 Dual catalysis vs the classical approach for the functionalization of allylic alcohols.
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alcohol followed by iminium activation through chiral amine. Finally, enantioselective hydride
transfer by an in situ-generated Fe-hydride complex leads to the formation of B-chiral alcohols.

2.3.5 VErsATILE HA-SEQUENCE BY DEHYDROGENATIVE ALCOHOL COUPLING

A TM-catalyzed alcohol activation process has been successfully employed in various reactions
such as crotylations, carbonyl allylations, propargylations, and vinylations. Ruthenium- and
iridium-based metal complexes are mostly used for these reactions. These reactions shared a similar
mechanism where in situ-generated aldehyde by the metal activation of primary alcohol reacts with
unsaturated substrates leading to the formation of a new C-C bond. The overall catalytic cycle is a
redox neutral process as the hydrogen generated during alcohol activation is reintroduced to hydro-
genate the unsaturated bonds (Figure 2.58).

Phosphine-supported iridium complex 163 efficiently catalyzes the coupling of benzyl alcohol
with 3-methylbuta-1,2-diene (162) with a 90% yield (Figure 2.59).% [RuHCI(CO)(PPh,)] in the
presence of chelating phosphine ligand dppf promotes the propargylations reactions.’® Formation of
the enantioselective product (170) was observed by an allylation reaction involving allylic alcohol
and allyl acetate with [Ir(COD)CIl], catalysts in the presence of a chiral phosphine chelating ligand
and m-nitro benzoic acid.”” Here, the binding of chiral ligand 168 with an iridium complex (in
the presence of m-nitro benzoic acid) promotes asymmetric carbonyl attack and hence introduces
chiral induction into the final product (Figure 2.60). Hydroacylation reaction (alkene-alcohol/imine
coupling) has also been achieved by chelate-assisted hydroamination reaction. The process involves
the formation of a chelate imine complex through the reaction of aldehyde (in situ-generated) with a
2-aminopicoline derivative and thus promotes coupling with a terminal alkene. Hydrolysis after the

R7OH 4 g J\rnz
Reaction mechanism

[M]
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FIGURE 2.58 Metal-catalyzed olefin-alcohol coupling.
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FIGURE 2.59 Iridium catalyzed alcohol-diene coupling.




38 Chemistry of Dehydrogenation Reactions and Its Applications

Cl
Ph @
[RUHCI(CO)(PPhy)s] OH {2 -
P YoH + Ph%// dppf (5 mol%) . Ph—== 2

MeO.

THF, 95°C, 15h PRt
164 i ’ 165 O
cl

ii) on Ir(cod)Cl]; (2.5 mol% OH 108
K)\/\)\‘*‘ O rreod el o’) /\/k)\/\)\
P> = 168 (5 mol%) Z
166 167 169 (10 mol%) 170 /@\
COOH

Cs,CO03 (20 mol%) ON
THF, 100°C, 20h

169

FIGURE 2.60 Metal-catalyzed alcohol dehydrogenation for i) propargylation and ii) allylation reactions.
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FIGURE 2.61 Chelate-assisted hydroacylation of alcohol and alkene in the presence of a coupling reagent.
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FIGURE 2.62 Rhodium catalyzed hydroacylation of primachartry alcohol and terminal alkene.

coupling step gives an alcohol-coupled olefin product (Figure 2.61). For example, RhCl;.H,O/PPh,
catalytic system in the presence of 2-aminopicoline (as a coupling activator) efficiently promotes the
coupling of 4-methoxybenzyl alcohol (171) with 1-hexene (Figure 2.62).%

2.4 DEHYDROGENATIVE AMINE ACTIVATION

Amine activation analogous to alcohol activation is a powerful strategy to generate imines and
iminium ions as reactive functional species that are used in a variety of organic transformations
including nucleophilic attack and cyclization reactions and thus introduces new C-C and C-N bonds
in single pot synthesis. The concept of amine activation was first introduced by Beller and co-
workers.”® The typical synthesis involving amine activation features i) dehydrogenative amine oxi-
dation to its corresponding imine or iminium ion and ii) the functionalization of in situ-generated
imine or iminium ion with various nucleophiles. For example, RuCl;.H,O in the presence of O, as
an oxidant promotes dehydrogenative oxidation of tert-amine (176) into iminium cation that upon
functionalization with cyanide, generates a-amino nitrile (177), which is a useful precursor for the
synthesis of a-amino acid (Figure 2.63)./° Amine activation through the dehydrogenation process
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FIGURE 2.63 Ruthenium-catalyzed amine dehydrogenation for the synthesis of a-amino nitrile.
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FIGURE 2.64 Iridium-catalyzed dehydrogenation of secondary amine.

is less prevalent in organic synthesis than dehydrogenative alcohol activation. The two factors that
greatly impact dehydrogenative amine functionalization are the i) slower f-hydride elimination of
amine/amido-metal complex compared to a metal-alkoxy complex and ii) enhanced nucleophilic
character of amine in a basic medium (primary amines even possess high nucleophilic character in
a neutral medium) promotes self-coupling with formed electrophilic imines.

PCP-iridium pincer complex (179) is used as a homogeneous catalyst for the dehydrogenation of
secondary amine (178) to its corresponding imine (180) (Figure 2.64).1°' In this case, the formed
imine product inhibits the progress of the reaction in the forward direction. Therefore, these reac-
tions are usually conducted in high dilution to overcome the inhibition caused by a product forma-
tion. Two possible pathways have been suggested for the formation of an imine product: i) direct
dehydrogenation of the C-N bond of secondary amine and ii) dehydrogenation of the a,3 C-C bond
followed by isomerization. However, mechanistic and theoretical studies suggest the formation of
imine products via C-N bond dehydrogenation.

Several metal complexes exhibit catalytic activity toward the racemization of chiral amine. In
these cases, TM promotes the racemization process through the amine activation process involving
rapid dehydrogenation and hydrogenation via a transient imine intermediate. Rhodium-based metal
complexes such as [Rh(cod)Cl], [RhCI(PPh,);] and [Rh(cod),-BF,] in the presence of PCy, have
shown good catalytic activity for the racemization of primary amine.!%?

2.4.1 TRANSAMINATION

Transamination or amine exchange reactions via the TM-catalyzed amine dehydrogenation process
provide a superior approach for the single pot synthesis of highly substituted amines without using
any typical activating agents. In the dehydrogenative amine activation process, the generated imine
is electrophilic in nature, and there is a good chance that it can react with an easily available nucleo-
phile present in the reaction mixture, which is another equivalent of amine. The typical reaction
mechanism of a TM-catalyzed transamination reaction is represented in Figure 2.65. Self-coupling
of 1-butylamine (181) by transamination reaction has been efficiently catalyzed by a RuCl,(PPh,),
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FIGURE 2.65 Metal-catalyzed transamination reaction.
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FIGURE 2.66 Ruthenium-catalyzed transamination of 1-butylamine
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FIGURE 2.67 Ruthenium-catalyzed hetro-transamination reaction for the synthesis of quinoline.

catalyst (Figure 2.66).1 With a judicial selection of ammine, it is also possible to achieve hetero-
couple transaminated products.

The synthesis of N-heterocyclic compounds has been realized with easily available starting
materials using the TM-catalyzed transamination process. For example, a RuCl,/dppm {dppm=
bis(diphenylphosphino)methane} catalytic combination is used for the synthesis of quinoline deriv-
ative by the coupling of aniline and tributylamine (183) through the transamination process.'® The
catalytic cycle features the dehydrogenation of amine by a metal catalyst followed by the dimeriza-
tion of heteroannulated intermediates (Figure 2.67).

2.4.2 HYDROIMINATION

The coupling of imine and unsaturated hydrocarbon represents a hydroimination reaction. In general,
alkyl-transferring reagents often promote hydroimination reactions. For example, RhCI(PPh;),
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drives the coupling of benzylamine with terminal alkene in the presence of alkyl transferring agent
2-amino-3-picoline (185).1% The typical reaction mechanism involves two alkyl transfers cata-
lyzed by 2-amino-3-picoline to form ketamine that upon subsequent hydrolysis, generates ketone.
However, hydroimination is a less efficient process, since the maximum theoretical yield is only 50%.
Investigation of the catalytic cycle suggests that only half equivalent of both amine and alkene is used
to form product, while another half equivalent of amine is used in the formation of ketamine interme-
diate, and another half equivalent of alkene accepts hydrogen formed during the first step and thus acts
as a sacrificial reagent (Figure 2.68).

2.5 DEHYDROGENATIVE ALKANE ACTIVATION

Alkane activation is by far the more difficult process compared to the previously discussed alcohol
or amine bond activation. The intrinsic non-reactivity of the C-H bond in alkanes makes the dehy-
drogenation process extremely endogenic. In recent decades, striking development has been made
by Goldman and Brookhart in the field of alkane metathesis by a TM catalyst that brings these reac-
tions in a single pot, three-step Fig in a homogeneous manner.!%%!197 The catalytic cycle of alkene
metathesis comprises three steps: i) dehydrogenation of alkane to an alkene by a TM catalyst; ii)
alkene metathesis; and iii) hydrogenation of alkene formed after the metathesis step (Figure 2.69).
The first step of alkane dehydrogenation is an endothermic process, while alkene metathesis is a
neutral process. However, the hydrogenation of final alkenes in step (iii) is an exothermic process
(to the same extent as the endothermic step 1)) and thus drives the reactions in the forward direc-
tion. Usually, two independent catalysts are found to be more effective for alkane metathesis. For

o
1
NH PPhs)3RhCI (5 mol% ABU N
©/\ 2 g g, S TISRRCLL ) ©)Lﬂ 2 7
185 (0.5 equiv.) N~

toluene, 170°C, 24h 186 185
Reaction mechanism
1
M] R1/\NH2 ~ RN
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=
H, HN . A R2
! R ONH
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A R? 5 HO e
R1J\/\Rz<7L »U\/\ J \O
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FIGURE 2.68 Metal-catalyzed hydroimination reactions.
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FIGURE 2.69 Metal-catalyzed alkane metathesis process. The (i), (ii), and (iii) shows the reaction pathway
and the steps involved in the reaction. Following steps are involved: (i) dehydrogenation, (ii) alkylation, and
(iii) hydrogenation.
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example, Goldman’s Ir-based catalyst 187 is mostly used for the dehydrogenation of alkanes to form
a small concentration of corresponding alkenes, while Schrock Mo-based catalyst 188 performs
the metathesis step and converts alkene into its corresponding lower or higher octane number.!%
Heating, reflux, or photolytic experimental conditions are generally employed during the reaction to
sweep out the hydrogen from the solvent that is generated during the alkane dehydrogenation step.
For example, acceptor-less dehydrogenative coupling of n-hexane at 125°C by the 187/188 catalytic
system efficiently converts it into the mixture of C,-C,, alkanes.

2.6 NET DEHYDROGENATIVE OXIDATION REACTIONS

The reactions discussed so far address the HA process where hydrogen generated during the dehy-
drogenation of substrates returns to intermediates and forms the final product. However, in some
cases, it was observed that the final hydrogenation does not proceed, which results in a net oxidation
reaction. Thus, the process involving dehydrogenative functionalization results in the formation of a
more oxidized product than starting precursors. For example, dehydrogenation of alcohol followed
by alcohol and amine coupling will generate ester and amide, respectively.

2.6.1 FORMATION OF ESTER AND AcCID

The traditional approach of synthesizing ester through the Tishchenko process involves the dimer-
ization of aldehyde by an alkali/lanthanoid metal oxide catalyst. In these aspects, the TM-catalyzed
alcohol activation strategy provides an alternative method to synthesize ester by alcohol instead of
aldehyde by the Tishchenko reaction (Figure 2.70). Ruthenium- and iridium-based metal complexes
are found to be efficient in the oxidative esterification of alcohols.

For example, RuH,(PPh;), promotes ester formation by the dimerization of 1-propanol.'”® In
addition, the synthesis of lactone has successfully been archived using a Ru-catalyst (190) by
1,4-propanoldiols instead of primary alcohol via an esterification-induced cyclization reaction
(Figure 2.71).1% Synthesis of hetero-coupled ester products has also been documented using
Ru-catalysts. However, the formation of an ester product in this case often competes with its
corresponding acid, and the selectivity of a product depends on the reaction conditions. For
example, an Rh-based metal catalyst 192 in the presence of strong base NaOH and excess water
converts benzyl alcohol into benzoic acid with a 94% yield. However, the same Rh-catalyst (192)

[M] R2-0OH i M i
= 2
R" NOH RN ——— R«]\o/R M] 1Jl\ _R?
\_‘ R (0]
HZ H2
FIGURE 2.70 Metal-catalyzed alcohol activation for ester synthesis.
(o]
) RuH,(PPh3); (2 mol%)
i) N"oH - 0" TN CINH,
mesitylene, 24h, 180°C MezP__ |/
119 189 SR
Me3P c|:| g
s (o}
173 (0.45 mol% (o]
i) HO_~_~0on Wi mol®) (_74
neat, 12h, 205°C 190

191

FIGURE 2.71 Ruthenium-catalyzed dehydrogenative esterification of (i) primary monoalcohol and (ii)
1,4-propanoldiols.
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in the presence of mild base K,CO; and excess methanol transform substituted benzyl alcohol
into a methyl ester analog with an 86% yield (Figure 2.72).!!!

Ester and hemiacetal are always in dynamic equilibrium, and their relative presence depends on
the experimental conditions. It has been observed that the presence of a base is required for ester
formation, while under neutral conditions, the hemiacetal form persists (Figure 2.73).!12

2.6.2 FORMATION OF AMIDE

The formation of amide through the dehydrogenative oxidation of alcohol is a net oxidative reaction
but often competes with the N-alkylation process. Moreover, the wide array of metal complexes is
active for N-alkylation reactions, but only a few metal complexes exhibit selectivity for amide bond
formation. The formation of an amide bond between alcohol and amine was first realized with a
[RuH,(PPh,),] catalyst in the presence of a hydrogen acceptor.'3

For example, the synthesis of a five- to six-membered cyclic lactam ring has been achieved
through the dehydrogenative intramolecular cyclization of amino-alcohol derivatives 196 in the
presence of a metal catalyst (Figure 2.75).!'* The presence of water is usually required for amide for-
mation as it inhibits the formation of other products through the N-alkylation process. Since the
formation of both amide and N-alkylated product proceed via hemiaminal intermediate, the
presence of water in the reaction mixture favours its irreversible oxidation (by the dehydrogenation
of hemiaminal intermediate) and hence shifts the equilibrium towards the formation of amide.

O/\ou 192 (0.1 mol%) e
cyclohexanone (5 equiv.)
R NaOH (1.2 equiv.)
H,0 (66 equiv.), 25°C, 2h

192 (0.1 mol%) > OMe
cyclohexanone (5 equiv.) Q

K,CO3 (5 mol%) R a2
MeOH (10 equiv.), 0°C, 4h

FIGURE 2.72 Rhodium-catalyzed dehydrogenative oxidation of primary alcohol to acid/ester.
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FIGURE 2.73 Base-dependent formation of ester and acetal from primary alcohol.
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FIGURE 2.74 Metal-catalyzed alcohol activation for the synthesis of amides.
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FIGURE 2.75 Ruthenium-catalyzed amidation-induced cyclization of amino alcohol.
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FIGURE 2.76 Rhodium-catalyzed dehydrogenative coupling of alcohols with ammonia or amine for amide
synthesis.
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FIGURE 2.77 Metal-catalyzed dehydrogenative oxidation of amine to nitrile.
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FIGURE 2.78 Synthesis of nitriles by the iridium-catalyzed dehydrogenative oxidation of amine

The formation of an amide bond has successfully been achieved by PNC-pincer ligand supported
ruthenium complex 192 using either amine or ammonia (Figure 2.76).""' The shuttling of PNC-
ligand between its aromatized and non-aromatized forms during the reaction pathways enhances
the chance for a net oxidative process, that is, the formation of amide.

2.6.3 FORMATION OF NITRILES BY AMINE OXIDATION

The formation of nitriles has been achieved by the dehydrogenative oxidation of amine in the
presence of a TM catalyst. The proposed reaction mechanism features the stepwise successive
oxidation of amine where the first step involves the metal catalyze-dehydrogenation of amine to
imine, and in the second step, imine intermediate is further oxidized to nitrile in a similar manner
as amine (Figure 2.77). The conversion of amine to nitrile possesses a high thermodynamic barrier
and thus occurs at elevated temperatures. The formation of amine to nitrile often competes with
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N-alkylation through the transamination process. However, the presence of an additional hydro-
gen acceptor favours the formation of nitrile from amine as it reduces the in situ-generated metal
hydride during the reaction. Goldman first reported the double dehydrogenation of amine 201 to
form nitrile 202 by PCP-pincer Ir complex (179) as a catalyst in the presence of hydrogen acceptor
tert-butyl ethylene (Figure 2.79).114

2.7 SEMI-BORROWING HYDROGEN (SBH) PROCESS

The semi-borrowing hydrogen (SBH) or semi-hydrogen auto-transfer (SHA) process involves par-
tial hydrogen transfer during the catalytic cycle. In the SBH process, the hydrogen that is generated
by the reduction of alcohol (catalyzed by a TM-catalyst) is not reintroduced further in the catalytic
cycle and thus requires an external hydrogen acceptor (usually unsaturated molecules) for its dis-
sipation (Figure 2.79).115 Although the SBH process is not as atom economical as the HA process, in
recent years, it has been established as an efficient synthetic protocol for the preparation of various
N-heterocyclic compounds including indoles, benzimidazole, pyrroles, quinazolines, etc. by using
alcohol derivatives with high to excellent yield. In this process, the hydrogen acceptor source acts
as a sacrificial reagent, is required in an equivalent amount as the starting material, and cannot be
recovered in its original form after the completion of the reaction.

2.7.1 SYNTHESIS OF BENZIMIDAZOLES

Using the SBH strategy, Ru(PPh;),(CO)(H),/Xantphos in the presence of 2.2 equivalent of crotoni-
trile (sacrificial reagent) acts as an efficient catalyst for the synthesis of benzimidazoles through the
reactions of o-aminoaniline (45) with primary alcohol (Figure 2.80).!16
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(0]
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or R"NH,
FIGURE 2.79 Semi-HA process for the construction of new C-C/C-N bonds.
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FIGURE 2.80 Synthesis of benzimidazoles by the SBH process.
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2.7.2  MobIFiED FiIsCHER INDOLE SYNTHESIS

An Ru,;(CO),,/BIPHEP ((2,2’-bis(diphenylphosphanyl)-1,1’-biphenyl)) catalytic combination has
been documented for indole synthesis through an alcohol activation strategy.!'” The process involves
the dehydrogenative oxidation of primary or secondary alcohols (204) followed by condensation
with arylhydrazines (205). Lewis’s acids ZnCl, then catalyze further steps that resulted in the for-
mation of an indole product (206). The sacrificial reagent crotonitrile significantly improves the
yield and purity of the product, suggesting an efficient SBH process involved in this modified ver-
sion of Fisher indole synthesis (Figure 2.81).

2.7.3  SYNTHESIS OF QUINAZOLINES DERIVATIVES

The synthesis of N-heterocyclic quinazolines derivatives (208/209) has also been achieved by
the SBH process using the Ru-catalyzed reaction of a primary alcohol with o-aminobenzamides
(207).1"8 Interestingly, the presence of ammonium chloride governs the formation of sole product
208. However, in the absence of NH,Cl, it exclusively forms dehydrogenated product 209. This reac-
tion is so efficient that it does not require any purification by column chromatography, and the final
product can be purified through just a simple recrystallization method (Figure 2.82).
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FIGURE 2.81 Ruthenium-catalyzed Fischer indole synthesis by the SBH process.
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FIGURE 2.82 Synthesis of quinazolines derivatives by the SBH process.
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FIGURE 2.83 Synthesis of pyrroles by the SBH process.

2.7.4 SYNTHESIS OF PYRROLES DERIVATIVES

Pyrroles synthesis has been achieved by ruthenium-catalyst 212 through reactions of a-amino alco-
hols (210) with ketones (211) (Figure 2.83).!" The catalytic process involves the metal-catalyzed
dehydrogenative coupling of a-amino alcohols with ketone followed by cyclization. The process
involves the SBH mechanism as an additional equivalent of the ketone that serves as a sacrificial
agent (hydrogen acceptor).

2.8 CONCLUSIONS

Accordingly, we have discussed homogeneous TM-catalyzed dehydrogenation reactions as a
substrate-activating protocol to construct wide arrays of C-C and C-N bonds by the hydrogen auto-
transfer or semi-hydrogen borrowing process. These processes are highly atom economical and
have greener prospects than the traditional synthesis of C-C/C-N bonds by activated substrates R-X
(X' =Cl, Br, OTs, etc.). The oxidative activation of alcohols and amines in organic synthesis features
multiple advantages such as the substrate scope is high, single pot synthesis is possible, and minimal
waste is produced. In general, the dehydrogenation reactions possess a high activation barrier and
thus require an elevated temperature to operate. These challenges can be overcome by using metals
with suitable ligand systems so that the process can be achieved under mild conditions. In addition,
the use of chiral ancillary ligands with achiral/chiral metal complexes promotes asymmetric induc-
tion and results in enantioselective synthesis. The single pot synthesis of N-heterocyclic compounds
can easily be accomplished by activating alcohols or amines through TM catalysts. Hence, the
development of suitable and efficient TM catalysts for the dehydrogenation of organic substrates has
important implications in core-organic synthesis.
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3 Transition Metal Catalyst
Free Dehydrogenative
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Role of New Materials,
Composites, and Nanomaterials
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3.1 INTRODUCTION

The acceptorless dehydrogenation (AD) process, which involves the liberation of H,, has recently
drawn considerable attention for the production of environmentally friendly and sustainable chemi-
cals. The use of oxidizing agents or of sacrificial acceptors are avoided in AD processes. As a
result, the hydrogen produced during these processes has the potential to be used as a source of
energy (Turner 2004; Maeda and Domen 2016). Bond activation and formation archetypally hap-
pen at the same time in “one-pot” AD processes, which use one or a maximum of two catalysts.
Alkanes, alcohols, and amines are the most often utilized substrates for dehydrogenation to produce
alkene, carbonyl compounds (aldehydes, ketones, carboxylic acids, or esters), and reactive imines as
reactive intermediates, respectively. Moreover, dehydrogenative N-alkylation of amines and amides
utilizing alcohols as alkylating agents has been thoroughly studied to produce water as the sole by-
product. This tactic is more atom-economical and ecologically benign. Alcohols are also simpler to
handle and store and are more widely accessible than more hazardous organohalide chemicals. Each
less reactive substrate is dehydrogenated to generate alkenes, carbonyl compounds, and imines that
exhibit superior reactivity. These more reactive intermediates are then further processed in tandem
using a “one-pot” method (Dobereiner and Crabtree 2010).

AD reactions are responsible for providing facile access to the diversity of products that alco-
hol dehydrogenation reactions have valued. The efficient production of multivarious organic com-
pounds through carbon-oxygen, carbon-nitrogen, carbon-sulfur, and carbon-carbon bond formation
reactions has been made possible by the effective promotion of AD of alcohols by transition metal
(TM)-based homogeneous catalysts (Borthakur, Sau, and Kundu 2022; Liu et al. 2022b; Wang
etal. 2021; Subaramanian, Sivakumar, and Balaraman 2021; Siddiki, Toyao, and Shimizu 2018; Choi et al.
2011). Nevertheless, AD processes primarily utilize homogeneous TM catalysts, and there are few
examples of heterogeneous catalysts being used in these reactions (Polukeev et al. 2022; Fanara et al.
2021; Polukeev, Abdelaziz, and Wendt 2022; Tocqueville et al. 2022; Qin et al. 2022; Wang
et al. 2022; Das et al. 2022). The complex multistep synthetic process and challenging product sep-
aration processes required throughout the reactions are the limits of using homogeneous catalysts.
Using these homogeneous catalysts in the industrial scale manufacture of commodity chemicals
is particularly challenging. For the synthesis of valorized products, AD reactions require highly
active, stable, and recyclable heterogeneous catalysts with an easy-to-follow synthetic methodology
(Wang and Astruc 2015; Hofmann and Hultzsch 2021). To address the issue, several TMs such as Cu
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(Mitsudome et al. 2008), Co (Shimizu et al. 2013), Ni (Chen et al. 2017), Mn (Filonenko et al. 2018;
Das et al. 2022), Pt (Kon, Siddiki, and Shimizu 2013), Pd (Nicolau, Tarantino, and Hammond 2019),
Ru (Kim, Park, and Park 2006), Au (Fang et al. 2011), Ag (Bayat et al. 2015), and Re have been
considered for AD reactions (Sun et al. 2021; Bera, Kabadwal, and Banerjee 2021; Kazmierczak
et al. 2021; Filonenko et al. 2018).

3.2 NANOTECHNOLOGY CATALYSTS FOR HYDROGENATION
BUDGE IN ORGANIC SYNTHESIS

Heterogeneous catalysis is quite prevalent in the chemical industry. Approximately 90% of chemi-
cal manufacturing relies on the chemical industry, which is 35% of the gross GDP of the world
(Armor 2011). Traditional heterogeneous catalysts were created using straightforward techniques
with little control over the solid’s shape or makeup. This method has the effect of producing not
only small metal particles with a wide range of sizes and shapes but also the accompanying array
of surface groups. Non-uniform active sites present on the catalyst surface perform non-uniform
catalytic activity, which further affects the product selectivity, that is, sterio- and enantioselectiv-
ity. Novel nanotechnologies have been developed to well-defined characteristics and applications
in catalytic processes. The fruitful mutual interaction between nanotechnology and the surface
chemistry of a catalyst is in a very preliminary stage but has led to many exciting developments and
can upend chemical manufacturing. Keeping these things in mind, the present chapter focuses on
the synthesis of supported TMs such as Mo, V, Cu, Zn, Ni, Co, W, etc. on inorganic nanomaterials
such as SiO,, ZrO,, TiO,, Al,0;, and CeO, micro- or nanospheres that can be utilized in catalytic
reactions such as oxidation, epoxidation, esterification, hydroamination, olefin metathesis, oxidative
coupling reactions, condensation reactions, etc. Several of these synthetic approaches, including the
colloidal and reverse micelle method, the sol-gel solid growth method, and the surface protected
etching method, use poly (vinyl pyrrolidone) as a protective agent while utilizing NaOH solution
as an etching agent to protect the silica surfaces from etching. The atomic layer deposition (ALD)
method includes organic templates grafting on the solid support, making of dumb-bell-, core@
shell-, and yolk@shell-related nanoarchitectures, and silylation and other surface derivatization,
tethering, and immobilization procedures. A diverse array of heterogeneous TM catalysts prepared
by nanotechnology methods have been investigated for dehydrgenation, transfer hydrogenation, and
AD reactions.

Diversity of alcohol dehydrogenatively oxidized to carboxylic acid with more than a 90%
yield has been performed by manganese ferrite (MnFe-S-Ag) nanoparticles functionalized with
3,3'-thiodipropanoic acid. The MnFe-S-Ag catalyst was prepared via a series of steps involving
the application of FeCl;.6H,0 and MnCl,.4H,0 as precursors, 3,3'-thiodipropanoic acid as the
functionalizing agent, and silver nitrate as silver precursors (Yazdani and Heydari 2020). Mo,N
nanobelts (60-nm wide and 0.5-7.2-um long) efficiently facilitate the dehydrogenative oxidation
of a broad variety of primary/secondary aliphatic, aromatic, heterocyclic, and benzylic alcohols to
the corresponding aldehyde/ketones (with up to 16-94% yield). These nanobelts were synthesized
via the reaction of a-MoO; precursor with ammonia at 850 °C (Li et al. 2014). A 0.6 wt% Au/TiO,
as photocatalysts promotes the dehydrogenation of linear and branched aliphatic alcohols (with up
to 85% 3-phnylpropanal) to form aldehydes and molecular hydrogen via a photon-mediated pro-
cess of UV photon illumination. The catalytic system effectively promoted the dehydrogenation
of a variety of aliphatic alcohols with yields as high as 85% for 3-phenylpropanol. In addition, this
catalytic system bears C-Cl and C-C bonds (Shibata et al. 2017). Mono- and bi-metallic copper-
and silver-based nanoparticles dispersed over high surface area graphite materials via an impreg-
nation technique have been investigated for the dehydrogenation of alcohols using a continuous
flow reactor. Kinetic experiments clearly demonstrate that copper nanoparticles outperform silver
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nanoparticles for alcohol dehydrgenation with 100% selectivity for acetaldehyde. Both copper- and
silver-based monometallic systems quickly undergo deactivation. These mono- and multimetallic
catalysts exhibit deactivation at 250 °C because the active sites become obstructed due to coke
deposition (Conesa et al. 2019). Rhenium nanocrystalline particles (Re NPs =2 nm size) composed
of NH,ReO, were prepared via refluxing at 180 °C in only an alcohol medium. During the pro-
cess, the alcohol became dehydrogenated to form the corresponding carbonyl (aldehyde or ketone)
compound. Moreover, molecular hydrogen was generated as the byproduct. These Re nanopar-
ticles successfully help y-C-H bond activation during the alcohol dehydrogenation process (Yi
et al. 2014).

Dehydrogenation of propane to propylene has recently received considerable interest because it pro-
vides a cost-effective and effective technique that bridges the gap between supply and demand in the
propylene market. Pt-based catalyst has been effectively used for the fast and efficient dehydrogenation
of propane to propylene. The low dispersion and poor sintering of the Pt nanoparticles over the surface
of the support that applies a severe reaction condition are the major shortcomings associated with these
catalytic systems. Pt/Sn-Beta catalysts have been effectively used for the dehydrogenation of propane,
which displays high activity, selectivity, and stability during the reaction. The physicochemical char-
acterizations clearly demonstrate that Pt clusters are restricted at the Sn single-site under the zeolitic
framework, which permits the uniform dispersion of Pt clusters over the surface of the Sn-beta zeolite.
The high activity of Pt/Sn-Beta catalysts at high temperature was mainly because of the strong collab-
oration between the Pt cluster and Sn-zeolite. The Pt-Sn-beta catalysts exhibit more than 50% propane
conversion and more than 99% selectivity for propylene. Moreover, this catalytic system exhibits slug-
gish deactivation kinetics with a rate constant of 0.006 h~! and a turnover frequency (TOF) as high as
114 s7'. Amongst the various Pt-Sn-Beta compositions, the Pt-Sn, ,/Sn-Beta catalyst’s highest activity
for the propane dehydrogenation occurs at 570 °C (see Figure 3.1) (Xu et al. 2020).

Ag-doped (1 wt%) Zr-containing molecular sieves ZrBEA, ZtMCM-41, and ZrO, reinforced
on silica effectually encourage the synthesis of 1,3-butadiene to form EtOH. The catalytic sys-
tems efficiently encourage the EtOH to butadiene conversion, and the reactivity of these catalytic
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FIGURE 3.1 Pt/Sn-beta-based catalysts effectively promote the dehydrogenation of propane to propylene.
Source: Reproduced with permission (Xu et al. 2020).
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systems is as follows: Ag/ZrO,/SiO, < Ag/ZtMCM-41 < Ag/ZrBEA. The physicochemical char-
acterizations of these catalytic systems using multiple physicochemical techniques clearly dem-
onstrate that the catalytic performance was influenced by the Lewis acid sites that existed over the
surface of the catalyst. Ag/ZrBEA (Si/Zr = 100), where EtOH conversion was 48% and butadiene
selectivity was 56%, was achieved (Sushkevich, Ivanova, and Taarning 2015). For the ethanol
dehydrogenation necessary to produce 1,3-butadiene, a Ta(V)-doped Si-BEA zeolite framework
system integrating Ag, Cu, and Zn was employed as the heterogeneous catalytic material. The
support’s acid-base characteristics were crucial for the 1,3-butadiene synthesis. In the following
order, the catalytic system efficiently helped the transformation of EtOH into butadiene: TaSi-
BEA, ZnTaSi-BEA, AgTaSi-BEA, and Cu TaSi-BEA. At T = 598 K with WHSV = 0.5 h7!, the
best catalytic system promoted a 73% butadiene yield and 88% ethanol conversion (Kyriienko
et al. 2017).

By doping metal (M=Ag, Cu, Ni) over oxide catalysts (MOx=MgO, ZrO,, Nb,O;, TiO,, Al,0,),
EtOH dehydration/dehydrogenation to 1,3-butadiene was fruitfully accomplished. Through the
insipient wetness impregnation of silica gel with a metal nitrate solution in water, all of the cata-
lytic materials were created. Studies on the reaction kinetics clearly demonstrate that the Ag/ZrO,/
SiO, catalyst has good selectivity for butadiene and ethanol conversions (2-90%) (Sushkevich
et al. 2014). An Au/MgO-SiO2 catalyst was created using two distinct techniques: (a) wet impreg-
nation of MgO over a silica surface; and (b) deposition-precipitation of gold nanoparticles over
MgO-SiO,. Moreover, the resultant Au/Mg-SiO, was employed as an excellent catalytic material
for the transformation of EtOH into 1,3-butadiene, butenes, ethylene, and diethyl ether with great
selectivity. The physicochemical analysis of these materials demonstrates that the activity and
selectivity of Au/MgOSiO, are a result of an appropriate balance between acid-base sites, which
is noteworthy for the structure-activity relationship. Gold nanoparticles controlled the redox prop-
erties, whereas magnesium silicate hydrate was responsible for the acid-base properties in the cat-
alytic system. Compared to production-based 1,3-butadiene manufacturing, the aforementioned
catalytic device helped convert ethanol into 1,3-butadiene while reducing greenhouse gas emis-
sions by 155% (Shylesh et al. 2016). At an ethanol flow rate of 2.45 g1,3-BD gcatl hl, Zn(II) and
Ta(V) catalysts supported on TUD-1 (ZnTa-TUD-1)-based mesoporous materials efficiently pro-
moted the dehydrogenation of ethanol with up to a 94% conversion and selectivity for 1,3-butadiene
as high as 73%. For 60 hours on stream, the catalytic system successfully encouraged the dehy-
drogenation and dehydration of ethanol (Pomalaza et al. 2018). 1,3-butadine was produced from

Bio-ethanol-=====ccccecc--- = Bio-butadiene

~"0oH
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of Ag, Cu, or Zn =T
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FIGURE 3.2 Deposition of silver nanoparticles over molecular sieves composed of zirconium boosts the
dehydrogenation of butadiene generated from biological sources.

Source: Reproduced with permission (Kyriienko et al. 2017).
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ethanol using a silver/magnesium-silica catalyst. For the 1,3-butadiene synthesis in the cata-
lytic system, Ag and the type of silica supply were both investigated. The experimental results
unmistakably show that for the best 1,3-butadiene selectivity, a suitable ratio of active sites was
essential. The selectivity for 1,3-butadiene was increased in the catalytic system by 1-2% silver
loadings with a Mg/Si ratio of 2. Moreover, the 1,3-butadien generation, ethanol production, and
aldol condensation stages were optimally promoted by silver species and basic sites made up of
two Mg-O units and basic OH groups, respectively. The 1,3-butadiene yield was increased by the
catalyst surface’s aforementioned distinguishing characteristics (Janssens et al. 2015). Using a Pt
nanocluster over the metal oxides and a reduction with H2 at 500 °C, 2-octanol was reduced in
the liquid phase. The acid-base properties of the oxide support, such as -Al,O; amphoteric oxides
with outstanding catalytic performance, were important for the dehydrogenation of 2-octanol’s
catalytic performance. The effect of the TOF on a variety of Pt/Al,0O, catalysts made up of vari-
ous Pt particle shapes is evident from kinetic performance. The catalytic performance unequivo-
cally demonstrates that the corroborative interaction between the metal/support interface and the
low-coordinated Pt sites (Pt nanoparticles of 1.4 nm) successfully promoted the AD of 2-octanol.
Other TMs, such as Co, Ni, Cu, Ru, Rh, Pd, Ag, Re, Ir, and Au, were also examined for the AD
reaction, but they fell short of the Pt-based catalyst system’s catalytic performance. A Lewis acid
(A1%+) and Lewis base (Al-O-) pair distributed over the alumina surface produced an alkoxide on
the Al**site by the Al-O proton abstraction, while PtO assisted the dissociation of the C-H bond
to produce Pt-H and ketone and released H, gas through the protolysis of the Pt-H bond by the
adjacent proton. In situ infrared (IR) analysis supports these findings. Studies on the mechanisms
show that Pt is present across the acid-base bifunctional support (A1203) (see Figure 24) (Kon,
Hakim Siddiki, and Shimizu 2013).

3.3 HETEROGENIZATION OF HOMOGENEOUS CATALYSTS
FOR DEHYDROGENATION REACTIONS

Researchers from all over the world have given close attention to the heterogenization of homoge-
neous TM catalysts because such a system might combine the most beneficial characteristics of both
homogeneous and heterogeneous systems. Together with the attained high activity and selectivity,
the catalyst’s ability to be recycled from the final product would be made easier. Recyclability of the
often expensive catalysts is a key priority in industrial applications; hence, the problem of immo-
bilizing catalysts operating in homogeneous phases is being thoroughly researched. By using the
following techniques, homogeneous catalysts can be heterogenized.

3.4 ANCHORING HOMOGENEOUS CATALYSTS
OVER HETEROGENEOUS SUPPORT

Anchoring the homogeneous catalyst on solid support by indirectly grafting, that is, attach-
ing on heterogeneous support (silica supports as MCM-41, SBA-15, silica microsphers, etc.) by
employing one or more ligands, for example, silylation of surface Si-OH using a (3-aminopropyl)
trimethoxysilane—tetramethoxysilane (APTMS) reaction, is quickly gaining popularity as the
most effective method for modifying the surface reactivity of such materials or for adjusting
other surface characteristics including polarity, hydrophobicity, or hydrophilicity. By graft-
ing [3-(2-aminoethyl) aminopropyl] triethoxysilane over a Fe,0,@SiO, surface and then reacting
palladium acetate, a NHPd(0)@MNP-based catalytic system was created. The tandem process
of dehydrogenation followed by Knoevenagel condensation with up to 9% yield for benzal-
malononitriles is promoted by the bifunctional NHPd(0)@MNP-based catalytic system. The
six cycles of the recyclable, heterogeneous catalytic material produced consistent results (Yuan
et al. 2020).
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3.5 DIRECT GRAFTING OF METAL COMPLEXES

The direct grafting of metal complexes is another method employed, but it drastically changes the
ligands’ environment around the metal centre, which results in a complete loss in identity of the metal
centre and the generation of a new heterogenized metal complex quite different from the original
metal complex.

By using IR, high field solid-state NMR, EXAFS, and elemental analysis, the interactions of
Ga(i-Bu); (i-Bu = CH,CH(CH,),) with the dehydrated and partially dehydroxylated surfaces of alu-
mina (Al,0;-500) and silica (Si0,-700) were investigated. By selectively protonolyzing at specific
surface hydroxyl groups during grafting onto Al,05-500, mononuclear [(AlO)Ga(i-Bu),L] sites—the
main surface organometallic entities—are formed. In contrast, grafting silica results in a dinuclear
species [(Si0),Ga,(i-Bu);] by a process that combines protonolysis and the transfer of an isobutyl
group to Si. By examining the WT-EXAFS, more proof of the difference in nuclearity was found.
Compared to their dinuclear silica-supported counterparts, the mononuclear alumina-supported Ga
sites exhibit significantly greater activity in the dehydrogenation of propane. Al-O-Ga bonds may
be necessary for the propane dehydrogenation reaction in order to encourage heterolytic C-H bond
activation. The effect of the catalyst diluent is important under the reaction circumstances and must
be carefully examined to attribute reactivity appropriately, according to comparisons with bench-
mark catalysts and similar systems (see Figure 3.3) (Szeto et al. 2018).

Non-oxidative propane dehydrogenation was performed using isolated Fell and iron oxide par-
ticles, and metallic nanoparticles were used on silica. It was discovered that the open cyclopentadi-
enide iron complex, bis(2,4-dimethyl-1,3-pentadienide) iron(II) or Fe(oCp),, was grafted onto silica
to create an isolated Fell species, which was the most selective catalyst. The first grafting of iron
proceeds by one surface hydroxyl Si-OH reacting with Fe(oCp), to liberate one diene ligand (0CpH),
resulting in a SiO,-bound Fell(oCp) species, 1-FeoCp, according to several physicochemical char-
acterization techniques. The residual diene ligand is lost during a subsequent reaction with H, at
400 °C, which also causes the production of 1-C, a nanoscale iron oxide cluster. At 650 °C, these Fe
oxide clusters disperse, resulting in the formation of 1-Fell, an isolated, ligand-free Fel' on silica that
is catalytically active and extremely selective (99%) for the conversion of propane into propene. By
using in situ XANES, there is no indication of metallic Fe under reaction circumstances. By graft-
ing Fe[N(SiMe;,),], onto silica, 2-FeN*, and reducing it to 650 °C in hydrogen, metallic Fe nanopar-
ticles, 2-NP-Fe?, were created independently for comparison. The Fe NPs had low selectivity (14%)
for propene but were very active for converting propane. Low activity can be seen in independently
created Fe oxide clusters on silica. These discoveries reveal that isolated Fe! sites are responsible
for the selective propane dehydrogenation (see Figure 3.4) (Hu et al. 2015).
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FIGURE 3.3 Direct grafting of gallium over alumina surface for propane dehydrogenation reaction.

Source: Reproduced with permission (Szeto et al. 2018).
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FIGURE 3.4 Single-site Fe' iron oxide particles grafting over a silica surface of the propane dehydrogena-
tion reactions.

Source: Reproduced with permission (Hu et al. 2015).

3.6 ENCAPSULATION OF THE CATALYSTS

Temperature has a remarkable influence on catalytic performance. At very high temperatures, cata-
lyst are prone to sintering. Therefore, encapsulation of nanoparticles is an efficient method to sta-
bilize them to utilize them under harsh reaction conditions such as performing the reactions at a
high temperature under a highly corrosive environment. Magnetic nanoparticles (MagNPs) that can
facilitate catalysis by acting as heating agents have recently emerged as a fascinating technique to
perform challenging reactions. Nevertheless, the foremost restraint is the limited durability of the
catalysts functioning under harsh conditions. Customarily, in temperatures greater than 500 °C,
a noteworthy sintering of MagNPs occurs. Cobalt-based magnetic nanocatalysts [FeCo@C or com-
posite catalyst FeCo@C:Co@C (2:1)] encapsulated under a carbon matrix have been used as effi-
cient catalysts for propane dehydrogenation. These materials exhibit excellent thermal stability at
high temperature. Certainly, the aforementioned catalysts decorated with Ni or Pt—Sn displayed
decent constancy and optimum performance even at elevated temperatures. Furthermore, steady
conversions and selectivities were obtained for the propane dehydrogenation (PDH) (see Figure 3.5)
(Martinez-Prieto et al. 2020).

Ordered mesoporous N-doped carbon (OMNC) encapsulates Co nanoparticles (NPs) synthe-
sized via a polymerization reaction between [Co(NH,CH,CH,NH,),]Cl, and CCH4 via a hard tem-
plate technique. During the process, quinoline was transfer hydrogenated with the help of formic
acid as a facile liquid phase hydrogen source and avoided the application of base. The encapsulation
of a carbon matrix prevents catalyst poising under an acidic environment in the reaction medium.
The encapsulated cobalt catalysts Co@OMNC-700 (pyrolyzed at 700 °C) exhibit excellent catalyst
performance for the transfer hydrogenation of quinoline with up to 98.8% conversion and >99%
selectivity for 1,2,3,4-tetrahydroquinoline (THQ) selectivity at 140 °C for 4 h. Furthermore, the
catalyst was recycled for 5 cycles with a significant dip in catalytic performance (see Figure 3.6)
(Li et al. 2018).
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FIGURE 3.5 Cobalt-based magnetic nanoparticles as the catalytic materials for the propane dehydrogena-
tion reaction.

Source: Reproduced with permission (Martinez-Prieto et al. 2020).
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FIGURE 3.6 Transfer hydrogenation of quinoline with formic acid as a hydrogen source and a cobalt-based
nanocatalyst.

Source: Reproduced with permission (Li et al. 2018).

3.7 1ONIC LIQUID ASSISTED ORGANIC TRANSFORMATION

Immobilization is achieved by anchoring the homogeneous catalyst in a nonvolatile and hydrophilic
solvent film deposited on a solid surface. Reactants and products are either in the gas phase or in
two immiscible solvents. These are the so-called ‘supported liquid (aqueous) phase catalysts’ (SLPCs).
Cations and the anions components in the ionic liquids along with their hygroscopicity hold the key
in altering their performance in catalysis. Ionic liquid mixtures have also been successfully applied to
raise the catalyst’s efficiency. Rh-NPs that are water-soluble are created by combining imidazole-based
ionic liquids, (NH,);RhCly, trimethylbenzene (TMB), and NABH, as a reducing agent. With good to
exceptional yields, the resultant catalytic system effectively promotes the AD of a variety of alcohols to
the corresponding carbonyl compounds (up to 95% yields) (see Figure 3.7) (Yao, Zhao, and Lee 2017).

An ionic copolymer (DIM-AN) made of dicationic imidazole ionic liquid and acrylonitrile was
used in a two-step procedure to create the PMo@DIM-AN,50, catalyst, which involved carbon-
ization at 400 °C under aerobic circumstances and 800 °C in Ar. The produced catalytic material
efficiently promotes the dehydrogenation of a wide range of alcohols without the use of oxygen.
Without changing the crystal shape, the obtained catalytic material was employed for the BnOH
dehydrogenation for five consecutive cycles. With 100% selectivity for benzaldehyde, the catalytic
system effectively promoted total conversion of the alcohols. The catalytic system also encouraged
the conversion of a variety of alcohols to their corresponding carbonyl molecules (Leng et al. 2017).
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FIGURE 3.7 (a-b) Soft micelle approach for the synthesis of Rh-nanoparticles; (c-d) HRTEM picture of
Rh-nanoparticles.

Source: Replicated with permission (Yao, Zhao, and Lee 2017).

3.8 SINGLE AND DOUBLE ATOM CATALYSTS FOR
TRANSFER HYDROGENATION REACTIONS

The focus of the present proposal is to design single atom catalysts (SACs) and nanocatalysts
with the help of recent advancements in materials sciences and nanotechnologies. SACs pro-
vide complete metal dispersion to maximize the metal utilization; therefore, they have emerged
as a novel class of materials for catalytic organic transformation and have great potential for
industrial catalysis in the near future. SACs maximize the efficiency of the metal atom used.
With well-defined and uniform single atom dispersion, SACs definitely have great potential for
achieving high activity and selectivity for the reduction of an olefinic double bond. Currently,
the focus of the contemporary research is towards the development of a scalable and economi-
cally viable approach for the synthesis of highly active, selective, and stable technology for
the synthesis of SACs. The size of the metal particles is the detrimental factor for the perfor-
mance of the heterogeneous catalysts because the specific catalytic activity increases with the
low-coordinated metal atoms that often function as the catalytically active sites. The specific
catalytic performance per metal atom is enhanced by desizing the metal NPs. Appropriate sup-
port is necessary to prevent the aggregation of these small clusters with an increased shelf-life
(Polukeev et al. 2022).

The dehydrogenative oxidation of ethanol to acetaldehyde and alcohols was efficiently enhanced
by NiCu single atom alloy (SAA) NPs and silica. The NiCu SAA’s catalytic activity and selectivity
were on par with those of monometallic copper and bimetallic alloys such as PtCu and PdCu SAAs.
In the flow reactor, the catalytic reaction was carried out under reasonable reaction conditions. The
ethanolic O-H bond cleavage employing ethoxy intermediates over metal catalysts is obviously
facilitated by silica as the support, according to mechanistic investigations using in-situ DRIFTS
tests. The kinetic tests unequivocally demonstrate that Ni in Cu helps to decrease the rate-limiting
stage of C-H bond activation compared to monometallic copper catalysts. The comparable Pt and
Pd atoms, however, were less successful in reducing the catalytic performance under the same reac-
tion circumstances (Shan et al. 2018).

Dehydrogenation of alcohols to the corresponding carbonyl compound is facilitated by iron- and
cobalt-based SACs and FeCo-based double atom catalysts (Fe-Co-DACs). The FeCo-DAC, which
is 100% metal-dispersed and represented by the FeCoNy(OH) group, was created by heating a mix-
ture of FeCl,.4H,0, CoCl,.6H,0, and 1,10-phenanthroline to 700 °C in a nitrogen environment.
Experimental tests utilizing o-xylene as the solvent at 140 °C in an inert argon atmosphere show
99% benzyl alcohol conversion with 99% yield for benzaldehyde. In addition, a variety of primary,
secondary, and substituted benzylic alcohols were efficiently converted by the catalytic material
with good to outstanding yield (see Figure 3.8) (Liu et al. 2022a).
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FIGURE 3.8 (a) HAADF image and EDAX image of FeCo-DAC; (b) The red circle represents the spherical
abberation correction of the HAADF-STEM image.

Source: Reproduced with permission (Liu et al. 2022a).

3.9 CONCLUSIONS

Accordingly, carbon-carbon and carbon-heteroatom bond creation by TM-based heterogeneous
catalysts efficiently promoted a variety of dehydrogenation and hydrogen bond processes without
introducing oxidant-useful chemicals. The primary benefit of the AD method is the atom-economic
route for the synthesis of important compounds from inexpensive and easily accessible substrate
molecules. Furthermore, heterogeneous catalysts made of noble and non-noble metals offer an
alternate method for the reagent- or additive-free synthesis of complex organic compounds. Acid/
base oxides with multifunctional metal loading are essential components in the production of
chemicals via the environmentally friendly route. The higher alcohols were synthesized, and
the Knoevenagel condensation processes occurred as a result of the oxidant-free dehydrogena-
tive techniques’ effective promotion of C-C bond formation. Moreover, hydrogen is a renewable,
cost-effective source of energy. For environmentally friendly, cost-effective, and one-pot tandem
synthesis, a wide range of carbonyl compounds, including aldehydes, ketones, carboxylic acids,
esters, and a variety of heterocyclic compounds, including pyrrolidine, pyrazine, indoles, quino-
lines, quinoxalines, benzimidazole, benzothiazole, etc., can be produced. Moreover, the dehydra-
tion and dehydrogenation cascade mechanism effectively promotes the synthesis of 1, 2-butadine
and olefin.

3.10 OUTLOOK

Despite considerable progressions in TM-catalyzed AD reactions, there are still a number of ques-
tions that need to be resolved in the ongoing field research. It is crucial to solve the fundamental
information gap about the molecular pathway for the AD of organic molecules at the interface
between the metal and support. These mechanistic laws help create new heterogeneous catalysts
for extremely effectual AD reactions that are selective. For the enantioselective heterocyclic syn-
thesis for the pharmaceutical industry, effective heterogenous TM catalysts are highly antici-
pated. Moreover, the process’s hydrogen can be utilized to create liquid organic hydrogen carriers
(LOHCs), which is a potential first step towards clean, sustainable, and green energy storage. In
addition, the hydrogen produced by the AD reaction may be employed for the hydrogenation of



64 Chemistry of Dehydrogenation Reactions and Its Applications

other valuable heterocyclic compounds that serve as significant pharmacophores. The synthesis of
a variety of valuable medications can also be researched using the novel synthetic methods incor-
porating AD reactions.
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Dehydrogenation
Reaction of Aliphatic and
Aromatic Alcohols

Vijay Bahadur and Chandni Pathak

4.1 OBJECTIVES

After studying this unit, students should be able to understand the following:

* Dehydrogenation of alcohols

* Acceptorless dehydrogenation of alcohols

» Conversion into different functionality through acceptorless dehydrogenation
* Acceptorless dehydrogenation of alcohols through a nano-catalyst

* Acceptorless dehydrogenation of alcohols through a photo-catalyst

4.2 DEHYDROGENATION REACTION

Removal of a hydrogen molecule from feedstock is the specific meaning of a dehydrogenation
reaction. It is a type of elimination reaction. The major application of dehydrogenation reac-
tions is in the petrochemicals industry, which converts non-reactive alkane into unsaturated
hydrocarbon and aromatic compounds. It is a type of endothermic reaction favoured by high
temperatures. The dehydrogenation product of aliphatic alcohol will transform into carbonyl
compounds, depending on the type of alcohol. This chapter discusses recent progress in the
dehydrogenation of alcohols.

4.3 ALIPHATIC AND AROMATIC ALCOHOLS

Alchemists referred to alcohols as “spirits of wine” and started to speak of “alcohol of wine” and
then simply “alcohol.”

Organic compounds having hydroxyl (~OH) groups are known as alcohols. Alcohols are very
familiar and valuable compounds in nature, industry, and everyday things. The general formula for
simple acyclic alcohol is C H,,,,OH, where n=1, 2, 3, etc. Aromatic compounds contain a hydroxy
group on a side chain in which the —OH group is attached to a sp3 hybridized carbon atom next to
an aromatic ring.

In allylic and benzylic alcohol, the —OH group is glued to an sp3 hybridized carbon next to
the carbon-carbon double bond and aromatic ring. In vinylic alcohol, the —OH group is directly
bonded to a carbon-carbon double bond. Allylic and benzylic alcohols may be primary, secondary,
or tertiary.

4.4 DEHYDROGENATION OF ALCOHOLS

Hydrogen transfer in the oxidation of alcohol in organic chemistry has been studied since the
1930s. An early breakthrough in the chemistry of catalyzed hydrogen borrowing from alcohol is
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FIGURE 4.1 Different types of alcohols.
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FIGURE 4.2 Different routes for oxidation of alcohols.
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FIGURE 4.3 Oxidation of alcohols to aldehyde and ketone using a Cu catalyst.

Oppenauer’s description of the aluminium tert-butoxide oxidation of secondary alcohols in the pres-
ence of acetone.!

Dehydrogenation of alcohol has received great attention in the last two decades. In this reac-
tion, hydrogen gas is liberated as a by-product, and alcohols get converted into different functional
groups. Released hydrogen gas can be used as fuel or reagents for further reactions.

This type of conversion has been stated as “hydrogen borrowing methodology,” the “hydrogen
auto-transfer process,” or simply “hydrogen transfer.”

Dehydrogenation of alcohols is one of the best examples of atom economy and sustainable devel-
opment in green chemistry.

Conventionally, dehydrogenation of alcohol has been performed by passing alcohol vapour over
copper heated at 573 K.
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4.5 ACCEPTORLESS DEHYDROGENATION OF ALCOHOLS

The acceptorless dehydrogenation of alcohols has received extensive consideration for the synthesis
of aldehyde, ketone, imines, amides, esters, carboxylic acids, acetals, heterocycles, and aldol prod-
ucts.? The only by-product of reactions is hydrogen gas and most importantly, does not involve any
stoichiometric and hazardous oxidants. Conventionally, dehydrogenation reactions of organic com-
pounds have been accomplished using stoichiometric quantities of inorganic oxidants, co-catalysts,
and a variety of additives that lead to the generation of plentiful, often contaminated excess.
Contemporary developments in catalysis by transition metal complexes have resulted in acceptor-
less dehydrogenation reactions that release a hydrogen molecule in which dehydrogenation is trailed
by in situ consumption of the produced hydrogen equivalents, and no remaining hydrogen gas is
liberated or liberated H, gas is vigorously expelled from the reaction mixture and collected for
potential use elsewhere. The highly used catalysts are based on ruthenium and iridium.?

4.5.1 CONVERSION OF ALCOHOLS INTO CARBONYL COMPOUNDS

In 2002, L. A. Hulshof introduced Robinson catalyst [Ru (OCOCF;),(CO)(PPh,),] for the selective
dehydrogenation of secondary alcohols into corresponding ketone in a short period of time without
using solvents.

A catalyst can be recycled thrice without substantial loss of its activity. Primary alcohols undergo
decarbonylation and aldol condensation while treated with Robinson catalyst.*

David Milstein in 2011 developed an electron rich PNP and PNN ruthenium hydrido borohydride
pincer complexes for the acceptorless dehydrogenation of primary alcohols to ester, which are sec-
ondary alcohols to the ketone. The same catalyst was used to synthesize lactone through dehydro-
genative cyclization of a diol with the evolution of hydrogen gas.’

For the development of alternative unlimited energy based on renewable resources, the results
of a “hydrogen-economy” have been proposed with the dehydrogenation of alcohols. This is
the first example of acceptorless dehydrogenation under mild and neutral conditions. The high
turnover number for isopropyl and ethanol to produce hydrogen was observed at below 100 °C.
Conventionally, an excess of base, more than 150 °C, and light have been required to produce

o
/(iH 1 mol% Robinson catalyst L + H,(g

R R' 130 OC R R'

Robinson catalyst [Ru (OCOCF3),(CO)(PPh;),]

FIGURE 4.4 Conversion of secondary alcohols to ketone.
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FIGURE 4.5 Conversion of secondary alcohols to ketone and primary alcohols to esters.
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hydrogen. This ruthenium-based catalyst is the first example of acceptorless dehydrogenation under
mild and neutral conditions as reported by Matthias Beller in 2011.°

In 2007, Ryohei Yamaguchi and colleagues designed and synthesized a new iridium-based cata-
lyst for the acceptorless dehydrogenation of secondary alcohols into corresponding ketone in neutral
conditions with a high turnover number (TON). They used hydroxypyridine ligands for the synthe-
sis of catalysts.’

In 2011, Ryohei Yamaguchi developed an iridium-based C, N-chelated ligand complex for
the acceptorless dehydrogenation of primary alcohols to aldehyde and secondary alcohols to
ketone. Iridium-based catalyst is well-versed with a wide range of primary and secondary
alcohols.?

Iridium catalyst, which is also used for the dehydrogenation of benzylic alcohols, gives benzal-
dehyde and hydrogen gas as the sole products.

Ryohei Yamaguchi in 2012 developed a new iridium-based catalyst for the dehydrogenation
of alcohols in an aqueous medium. Bipyridine-based water-soluble Cp*Ir catalyst was first
used for dehydrogenating primary and secondary alcohols into carbonyl compounds in a water
system.’

4.5.2 CoONVERSION OF ALcoHOLS INTO EsTER COMPOUNDS

David Milstein and his team in 2005 designed a new Ru (II) hydride catalyst for the acceptorless
dehydrogenation of primary alcohols into ester in benign and neutral conditions. The synthesized
catalyst was ligated with electron-rich PNP and PNN ligands."

Synthesized electron-rich ruthenium complex is well-versed with primary alcohols and used to
directly convert primary alcohols into ester.

Dmitry G. Gusev in 2012 developed a ruthenium-based air-stable RuCl,(PPh,) [PyCH,NHC,H,PPh,]
catalyst for the acceptorless dehydrogenation of ethanol and form ethyl acetate and hydrogen gas
with a TON of up to 1700. This versatile catalyst is used for the dehydrogenation of alcohol and
reduction of the C=X polar bond even using less than 50 ppm ruthenium catalyst.!!
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OH o | :
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FIGURE 4.6 Conversion of secondary alcohols to ketone under 100 °C.
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FIGURE 4.7 Conversion of secondary alcohols into ketone by Ir catalyst.
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FIGURE 4.8 Conversion of alcohols into carbonyl compounds using Ir catalyst.
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FIGURE 4.9 Conversion of aromatic alcohols into aldehyde with Ir catalyst.
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FIGURE 4.10 Conversion of alcohols into carbonyl compounds in an aqueous medium.
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FIGURE 4.11

Synthesis of electron-rich PNP- and PNN-based Ru catalyst.
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FIGURE 4.12  Synthesis of ester from primary alcohols.
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FIGURE 4.13  Versatile ruthenium catalyst with a high TON.
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FIGURE 4.14 Reversible dehydrogenation of alcohol and reduction of C=X polar bond.

Reported ruthenium catalyst is known for acceptorless dehydrogenation reaction and is revers-
ibly used to reduce C=X polar bonds.

The loading of the catalyst and amount of base are unique for the reduction of different C=X
polar bonds such as carbonyl, ester, and imines as shown in the following figure.

In 2012, David Milstein developed an electron-rich bipyridyl-based ruthenium PNN pincer cata-
lyst for the cross-dehydrogenative coupling of alcohols into mixed ester with the evolution of hydro-
gen gas. The protocol is well-tolerated with a wide range of primary and secondary alcohols having
high yield in neutral conditions; in some cases, the homocoupling product of primary alcohols is
also observed.!?

In 2009, David Milstein accomplished a synthesis of novel Ru-based catalyst for the direct dehy-
drogenation of alcohols into acetals with hydrogen gas as a by-product in neutral conditions. With
the same catalyst in basic conditions, primary alcohols get converted into ester.!

In 2013, David Milstein developed a new ruthenium-based catalyst using water and base to con-
vert primary alcohols directly into carboxylic acid salt. Only 0.2% of catalyst loading is required for
the transformation described previously. This is a cheaper, cleaner, and safer process for the direct
conversion of alcohols into acid at laboratory and industrial levels.'
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FIGURE 4.15 Reduction of C=X polar bond with Ru-based catalyst.
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FIGURE 4.16  Synthesis of ester through cross-dehydrogenative coupling of alcohols.
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FIGURE 4.17 Conversion of alcohol into acetals and ester.

4.5.3 CoNVERSION OF ALcoHOLS INTO AMIDE COMPOUNDS

Robert Madsen in 2008 developed a new catalyst with ruthenium, N-heterocyclic carbene and phos-
phine ligand, for the synthesis of amide by treating primary alcohol and amine with the evolution
of hydrogen gas.!?
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FIGURE 4.18 Direct conversion of primary alcohols into acid.
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FIGURE 4.20 Direct conversion of primary alcohols into lactam.

Robert H. Crabtree in 2011 developed ruthenium diamine diphosphine complexes as a catalyst
for the dehydrogenative synthesis of cyclic amide by coupling benzylic alcohols with cyclic amines.

The same catalyst successfully synthesized lactones from diol and lactams from amino alcohols
with a wide range of functionality and good yield.!®

Designed catalyst complexes can be employed in a dehydrogenative Paal-Knorr synthesis for the
synthesis of pyrrole to give 2,5-dimethyl-N-alkylpyrroles.

In 2011, David Milstein developed the first ruthenium pincer-based complex controlled by ligand
for the synthesis of peptides and pyrazine from b-amino alcohols through alcohol dehydrogenation.
Selective cyclic dipeptide can be achieved by self-coupling b-amino alcohols using Ru-PNN com-
plex 1. In contrast, Ru-PNN complex 2 catalyzed the formation of pyrazine via dehydrogenative
coupling of b-amino alcohols.!”

Out of the three synthesized ligand-controlled catalysts, complex 1 is used for the synthesis of
amide, whereas complexes 2 or 3 are used for the synthesis of imine through the dehydrogenative
process with the same precursor.

Ruthenium complex 2 or 3 helps in the direct synthesis of piperazine via homocoupling of
b-amino alcohol through the dehydrogenation process followed by aromatization.
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FIGURE 4.25 Direct synthesis of pyrazine via dehydrogenative homocoupling of b-amino alcohols.
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Soon Hyeok Hong in 2011 designed a new N-heterocyclic carbene-based ruthenium catalyst for
the direct amidation of alcohols with secondary amines via an alcohol dehydrogenative process.
Formation of ester is an intermediate advocate that amidation can be achieved with the coupling of
alcohols with sterically hindered amines.!®

Zhibin Guan in 2011 synthesized an electron-rich PNN pincer-based ruthenium catalyst used for the
dehydrogenation of diols and diamines to synthesize polyamides. This is known as the Milstein cata-
lyst, the first type of catalyst for synthesizing polyamides via dehydrogenation reaction. The catalyst is
relevant for a wide range of diamines and diols having linear or cyclic, aliphatic (primary or secondary)
or aromatic spacers. Conventionally, stoichiometric pre-activation or in situ activation reagents have
been required for the polyamidation. This catalyst has overcome all the conventional problems and is
useful for the efficient synthesis of polyamides with a high atom economy and a much cleaner process.'

4.5.4 CoNVERSION OF ALcoHOoLS INTO IMINES COMPOUNDS

David Milstein in 2010 developed a new catalyst for the synthesis of imine through acceptorless
dehydrogenation of alcohol with amine having high turnover numbers and without waste products.
Electron-rich PNP and PNN ligands were used for the synthesis of Ru-based catalyst.

The reaction can be employed with a range of alcohols and amines and proposes an environmen-
tally pleasant atom economy for the direct conversion of alcohols into imine.?°

Most of the selective dehydrogenation of alcohols has been accomplished with ruthenium and
iridium complexes. Marta Valencia in 2011 reported osmium (II)- and (IV)-based catalysts for the
formation of imines through dehydrogenation of alcohol with the amine. The pincer-based osmium
catalyst proves to be an alternative to ruthenium for the direct synthesis of imines from alcohols
including primary amine with the evolution of hydrogen gas.?!

In the same year, Robert Madsen developed a ruthenium N-heterocyclic carbene complex as
a catalyst for the formation of imines through dehydrogenation of alcohol with the amine. The
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FIGURE 4.27 Synthesis of amide with dehydrogenative coupling of 1° alcohol with 2° amine.
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reaction is catalyzed by Ru-based N-heterocyclic carbene complex using DABCO as a base and
molecular sieve. Mechanistic study revealed that ruthenium dihydride is an active species.

Reaction is started with dehydrogenation of alcohols to aldehyde followed by the nucleophilic
attack of amines giving hemiacetal, which is converted into imines by the release of ruthenium metal.??

Imination of benzylic alcohols with amines via dehydrogenative coupling is achieved through
ruthenium-based catalyst. Activated molecular sieves are used to absorb the water as a by-product
to neutralize the hydrolysis of the imines.

The reported catalytic system was well-tolerated with a wide range of primary alcohols and
primary amines.

4.5.5 CONVERSION OF ALCOHOLS INTO ACYLATED COMPOUNDS

David Milstein in 2010 established a new Ru pincer-based catalyst for the acylation of secondary
alcohols by using non-activated ester as an acylating agent in neutral conditions through a dehydro-
genation process.

With the symmetrical esters (e.g., ethyl acetate), both the acyl and alkoxy components of the
substrate ester are integrated with the liberation of hydrogen gas.?

4.5.6 CONVERSION OF ALcOoHOLS INTO ACETALSs COMPOUNDS

In 2012, David Milstein developed a new catalytic system for the direct dehydrogenation of alcohols
into acetal at a temperature of 110 °C. The developed Ru (PPh,),(NCCH5;),(SO,) catalyst is efficient
even at low temperature, while earlier ruthenium pincer-based catalysts worked only at high tem-
perature for the conversion of alcohols into acetals.?*

4.5.7 CONVERSION OF ALCOHOLS INTO POLYESTER AND LACTONES COMPOUNDS

Nicholas J. Robertson in 2012 used a reported Milstein catalyst well-known for dehydrogenation
of alcohols into ester and amines into amide. Here, the Milstein catalyst was used for the first time
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FIGURE 4.32 Imination of alcohols with hindered amine.
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FIGURE 4.33 Imination of benzyl alcohols with amine.
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FIGURE 4.35 Acetal formation of alcohols via dehydrogenation of alcohols.

to synthesize high molecular wight polyester under reduced pressure using diol as a precursor. The
major advantage of using catalysts under reduced pressure is to effectively remove the by-product,
namely, molecular hydrogen. Diols with a smaller number of carbons are converted into lactone,
while a higher number of carbons polymerize into polyester. Dehydrogenation of 1,5-pentanediol
gives the mixture of polyester and lactone as the boundary between higher and lower diols.?’

Matthias Beller in 2012 developed a ruthenium PNP pincer-based catalyst for the acceptorless
dehydrogenation of ethanol into ethyl acetate. Ethanol plays a dual role of not only reactant but also
solvent. Therefore, this is a selective and cost-effective catalyst for directly converting ethanol into
ethyl acetate without using additional hydrogen acceptors and solvents.?

4.5.8 DIRECT SYNTHESIS OF PYRROLE FROM ALCOHOLS

David Milstein in 2013 accomplished a protocol for the synthesizing of pyrrole by dehydrogenative
cross-coupling between amino alcohols and secondary alcohols using ruthenium pincer-based cata-
lyst. This catalyst is used for successive and selective C-N and C-C bond formations catalyzed by
PNN ruthenium complex generated in situ by an air stable complex with base. It is believed that this



80

cat. O R
3 R OH
-H,0 R)\O/\R
-H,

Chemistry of Dehydrogenation Reactions and Its Applications

FIGURE 4.36 Synthesis of polyester and lactones under reduced pressure.
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FIGURE 4.37 Conversion of ethanol into ethyl acetate.

FIGURE 4.38 Screened Ru-based catalyst for the synthesis of pyrrole.

reported protocol has one of the best atom economies, is environment friendly and is an effective

procedure for synthesizing pyrrole.?’

Dehydrogenative coupling of b-amino alcohols with secondary alcohols using potassium fert.
butoxide as base resulting in 2, 5- disubstituted pyrrole. This is one of the most atom-economical

and benign methods for synthesizing pyrrole.

Mechanistic investigation reveals that pyrrole synthesis was achieved by formation of imine
of carbanion on electrophilic
carbonyl carbon gives a 4-hydroxy 5 membered cyclized product. In the conclusive step, the five-
membered cyclized product undergoes dehydration via an aromatization process giving substituted

followed by dehydrogenation reaction; lastly, a nucleophilic attack

pyrrole with good yield.
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FIGURE 4.39 Direct synthesis of pyrrole through dehydrogenation of b-amino alcohol.
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FIGURE 4.40 Mechanism of formation of pyrrole.

4.6 GREEN METHOD FOR THE DEHYDROGENATION OF ALCOHOLS

4.6.1

4.6.1.1.
Wenjie Shen in 2013 produced green and sustainable development for the dehydrogenation of pri-
mary aliphatic alcohols into aldehyde using Cu nanoparticles loaded on La,0,CO; nanorods?® with
styrene as a hydrogen acceptor.

DEHYDROGENATION OF ALCOHOLS WITH NANOPARTICLES

Cu Nanocatalyst

4.6.1.2. Bi-metallic Nanoparticles (Cu-Ni)

In 2014, Jie Xu and his group developed a dehydrogenation of thick range of primary aliphatic
alcohols into respective aldehydes by using bi-metallic Cu-Ni/y-Al,O; catalyst and styrene as a
hydrogen acceptor. They also observed that the catalytic activity of monoatomic Cu under the same
reaction conditions was lower than the bi-metallic catalyst.?

4.6.1.3. Silver as Nanoparticles

In 2017, Robert Madsen reported a new synthetic procedure for dehydrating primary alcohol into
carboxylic acid salt without using metal from the platinum group. A wide range of aliphatic and
benzylic alcohol groups were treated with 2.5% of Ag,CO; and 2.5-3 equivalent of potassium
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FIGURE 4.41 Dehydrogenation of primary alcohols into aldehyde using Cu nanoparticles.

)</\OH ’ ©A\ Cu-Ni/y-Al,0; )</\ . O/\
. ~o

FIGURE 4.42 Bi-metallic catalyzed dehydrogenation of alcohols.
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FIGURE 4.43 Conversion of aromatic alcohols into acid using silver carbonate.
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FIGURE 4.44 Conversion of alcohols into acid using solid support.

hydroxide in refluxing mesitylene. It is believed that dehydrogenation, that is, the removal of hydro-
gen gas, is due to the in situ formation of silver nanoparticles during the reactions.

4.6.1.4. Solid Support
Tao Tu and his team accomplished a protocol for the dehydrogenation of aliphatic and aromatic alco-
hols into corresponding acids via self-supported NHC-Ru single-site catalysts in 2022. The authors
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claimed that with the low loading catalyst (0.2%), the received TON may be up to 1.8x10* without
losing capacity up to 20 runs from the milligram to gram scale, with a wide range of alcohols.?!

4.6.2 DEHYDROGENATION OF ALCOHOLS WITH PHOTOCATALYST

4.6.2.1. Au Photo-Catalyst

Hiroshi Naka in the same year reported the catalytic dehydrogenation of primary aliphatic alcohols to
aldehyde by irradiation of UV-Vis light with gold-loaded titanium dioxide (Au/TiO,) as photocatalysts.??

4.6.2.2. Pt Photo-Catalyst

Chi-Ming Che and his team in 2019 reported novel binuclear platinum (II) diphosphite complexes
as photocatalysts for the acceptorless dehydrogenation of aliphatic alcohols and N-heterocycles with
high yields and a wider substrate scope at room temperature. This novel protocol has mild reaction
conditions, scalability power, and moderate to excellent yield.*

4.6.2.3. Ni Photo-Catalyst

Motomu Kanai in 2020 developed the first acceptorless dehydrogenation of secondary alcohols into
ketones using nickel photo redox catalyst under visible light irradiation at ambient temperature.*

hv (A = 300-470 nm)
All/TiO AN
WOH ) WO + Hy(g)
ethyl acetate, N,

FIGURE 4.45 Dehydrogenation of alcohols using Au-TiO, photocatalyst.
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FIGURE 4.46 Dehydrogenation of alcohol using Pt-based photocatalyst.
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FIGURE 4.47 Dehydrogenation of alcohols using Pt-based photocatalyst.
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FIGURE 4.48 Dehydrogenation of alcohols using Ni-based photocatalyst.
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FIGURE 4.49 Dehydrogenation of alcohols using Co-based photocatalyst.

The same catalyst is also used for the synthesis of ester through dehydrogenation of alcohols and
aldehydes via hemiacetals intermediates.

In 2022, Cheng Chen et al. developed a cobalt embedded in nitrogen-doped porous carbon (Co@
NC) catalyst for the conversion of alcohols into acids. They have used this catalyst at least 15 times
without any loss of activity and were easily able to recycle it by external magnetic field.?

4.7 CONCLUSIONS

This chapter points out the importance of the dehydrogenation reaction and its application in
alcohols and phenols. In this chapter, the dehydrogenation of alcohols and phenols from the very
first conventional reaction to recent advancements has been discussed. Specifically, the general
conversion from alcohols/phenols to various functional groups in one step and the acceptorless
dehydrogenation reaction where the only by-product is hydrogen gas without using stoichiomet-
ric and hazardous oxidants have been discussed. This chapter also highlights recent progress in
dehydrogenation reactions such as green methods and the use of nano catalyst reactions and vis-
ible light-assisted photocatalyst with various metals. Overall, this chapter is intended to provide a
complete capsule from the beginning to recent advancements in the dehydrogenation of alcohols
and phenols.
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5 Dehydrogenation Reactions
of Hydrocarbons

Alkane, Alkenes, and
Aromatic Hydrocarbons

Chandni Pathak and Vijay Bahadur

List of abbreviations
S.No. Abbreviation Full Form

1 FCC Fluid Catalytic Cracking
2 uor Pacol Process
3 XANES X-ray Absorption Near-Edge Structure
4 DFT Density Functional Theory
5 FBD Fluidized-Bed Reactor
6 PDH Propane Dehydrogenation
7 STAR STeam Active Reforming
8 ODH Oxidative Dehydrogenation
9 DH Dehydrogenation
10 ZSM-5 Zeolite Socony Mobil-5
11 GHSV Gas Hourly Space Velocity
12 TBE tert-butylethylene
13 PCP Phenylcyclohexylpiperidine
14 COD Cyclooctadiene
15 DDQ 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
16 NBD Norbornadiene

5.1 INTRODUCTION

Dehydrogenation (DH) of lower alkanes serves as the best reaction to a wide range of valuable
chemicals. Alkanes are easily available feedstocks from petroleum and gas resources. However,
the direct conversion of these alkanes to valuable chemicals is challenging as lower alkanes are
relatively inert due to a lack of a vacant orbital or lone pair of electrons.!

Olefins, particularly propene and ethylene, are amongst the most prominent compounds in the
chemical industry as they serve as the feedstock in the production of a wide variety of important
chemicals, namely, polyethylene, polypropylene, ethylene glycol, acetaldehyde, acetone, propylene
oxide, and important intermediates such as ethylbenzene and propionaldehyde.? Over recent years,
demand for these building blocks has skyrocketed. The most common methods that are employed
for obtaining these light olefines are steam cracking and fluid catalytic cracking (FCC) of naphtha,
light diesel, and other oil by-products.> The petrochemical industry is encountering innumerable
issues including the high-energy demands of these processes, their low selectivity toward the pro-
duction of particular olefins, declining petroleum reserves, and spiking oil prices. These issues have
paved the path for the search/research of further economical feedstock and highly efficient conver-
sion technologies.?
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Synthesis of the lower molecular weight olefins via DH of lower alkanes is the prominent reac-
tion of recent times because of its inevitable contribution to the fuel and petroleum industries.
Additionally, the alkene yields in DH reactions are limited due to the thermodynamics of the reac-
tion. The reaction being endothermic requires increased temperature, but the temperature decreases
with the increase in the chain length of alkanes.* However, the reaction yields become enhanced
upon escalating temperature but hamper the alkene selectivity. The tendencies of dehydrocycliza-
tion or aromatization, thermal cracking, and coke formation increase with the chain length of the
alkanes.’

As discussed earlier, the direct conversion of lower alkanes to the corresponding olefine demands
elevated energy. Scientists are exploring the catalyst that, on the one hand, fulfills the lower energy
requirement of the DH reaction but, on the other hand, spikes the yield of olefins with higher selec-
tivity. Non-oxidative dehydrogenation (non-ODH), oxidative dehydrogenation (ODH), and the use
of pincer complexes have been suggested to lower the energy of the reaction, which we examine in
this chapter.

5.2 NON-OXIDATIVE DEHYDROGENATION

Non-ODH reaction of smaller alkanes seems like a straightforward reaction as shown by its stoichi-
ometry (Scheme 5.1),

On the contrary, non-ODH reaction has many thermodynamic obstacles and kinetic hurdles in
terms of the vital stages of the reaction. The reaction is a thermodynamically uphill battle, specifi-
cally, it is endothermic and requires around 113-134 kJ/mol of energy for the elimination of two
hydrogen atoms depending upon the chain length of the parent alkane.’ Many commercially used
patented non-oxidative technologies have been used for alkane DH at the industrial level. Based on
the type of catalyst, design of the reactor, alkane composition, and mode of the heat energy input,
these methods can be categorized. The outline for this is shown in Table 5.1.°> These are cyclic
processes that involve the repeated DH reaction and the rejuvenation of a catalyst as represented in
Table 5.1.

DIFFERENT NON-OXIDATIVE ALKANE
DEHYDROGENATION INDUSTRIAL CATALYST

5.2.1 PrLAatiINUM-BAseD CATALYST

The first industrial-based alkane DH technology is from 1968 and is known as the Pacol Process
(UOP) that employs a platinum-based catalyst for the non-ODH of the alkane chain. Platinum was
one of the very first noble metals to be used in commercial petroleum refining due to its C-H bond

C11H2n+2 CnHZn + H2

SCHEME 5.1 Schematic representation of dehydrogenation of alkanes

CH
CHa H3 CHy
CH3_C2 CH3 (E‘,H3 HZC// Hzc//CH H—H
—_— CH WIS ~CH m— —

* - Hz(l:/ : H2C/EC H * H H - ®
Pt Pt Pt Pt P{ Pt Pt P Pt Pt Pt Pt Pt Pt Pt

FIGURE 5.1 Dehydrogenation of propane as catalysed by Pt-Sn nanoparticle supported over Al,O;.
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activation property.? Platinum shows high selectivity toward C-H bond activation and low activity
toward C-C bond cleavage activity. Hence, all of these properties make it a better catalyst for the
DH reaction of alkane. The platinum catalyst used for DH purposes is typically supported with tin
to increase its reactivity. The exact role of tin is unknown, but some XANES (X-ray Absorption
Near-Edge Structure) and DFT (Density Functional Theory) data provide for the electronic interac-
tion prevailing between the two metals. A very little quantity of tin is adequate for the electronic
interactions between the metals.5”

The preparation of platinum catalysts for commercial use is conducted by infusing the support
material with a solution of tin and platinum precursors (Figure 5.1).> The support material that is
commonly used for the industrial platinum-based DH catalyst is alumina.

5.2.2 CHrROMIUM OXIDE-BASED CATALYST

Frey and Hupke reported chromium oxide as one of the exceptional oxide-based catalysts for the
non-oxidative alkane DH reaction. These transition metal oxides can activate C-H bonds through
the extraction of the hydrogen atom. Chromium oxide-based DH catalyst that is used in industrial

TABLE 5.1
Commercial Dehydrogenation Processes for Alkanes.”
Catofin FBD Linde PDH UOP oleflex STAR
Reactor design Adiabatic Fluidized-bed Isothermal Adiabatic moving DH reactor +
fixed-bed reactor fixed bed bed adiabatic
reactors oxyreactor
Catalyst type Cr,05/AL,0, Cr,05/Al,04 Cr,0,/AL 05 Pt/Sn/Al,04 Pt/Sn on
alkali promoter Pt/Sn on with alkaline ZnAl,O,/
Zirconia promote CaAlL,O,
Regeneration Air oxidation Air oxidation Air oxidation Air oxidation and Air oxidation
mode reduction in H, and reduction in
H,
Operation Cyclical Catalyst circulates  Cyclical Continuous transport  Cyclical
alternation of continuously of catalysts
reaction and from the between regenerator
regeneration bottom of the and reaction
cycles reactor to the top zone
of the
regenerator
Temperature (°C)  590-650 550-600 600 550-620 DH: 550-590;
ODH: <600
Pressure (bar) 0.3-0.5 1.1-1.5 >1 2-5 DH: 5-6; ODH:
<6
Cycle time (min)  15-30 NA 540 h NA NA
Conversion (%) 48-65 40 30 25 40
Selectivity (%) 82-87 89 30 89-91 89
Mode of heat Heat formed in Fuel added during  Heating of the  Fired furnaces are Heating of the
supply the catalyst regeneration reactors placed between one  DH reactor
regeneration reactor and another
Licensor/ StidChemie/ABB  Snamprogetti- Linde UOP Inc. Uhde
developer Lummus Yarsinetz (BASF)

NA = Not Available
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FIGURE 5.2 Dehydrogenation of propane as catalysed by CrO, supported over Al,O;showing the coordina-
tively unsaturated Cr3* species catalyse the reaction in the active site on the catalyst.

petroleum refining is prepared by the saturation of an aqueous solution of chromate salt of 5 and 15
wt.% Cr loading on supporting material that have a high surface area®®. Multiple supporting materi-
als have been employed in the process, namely, alumina, silica, and zirconia. The ideal supporting
material is one that shows high thermal and chemical stability, and in this regard, zirconia is the
preferred supporting material over the other two, while alumina is always preferred over silica.

The catalytic active site of the chromium oxide-based catalyst consists of coordinatively unsatu-
rated Cr™ and Cr*? ions.!? The activation of the C-H bond of the substrate occurs in these active sites
of the catalyst where coordinatively unsaturated Cr* catalyse the DH reaction (Figure 5.2)>. The
C-H bond scission is also supported by “surface oxygen transfer”!:!2.

5.2.3 VANADIUM OXIDE-BASED CATALYST

Despite the exceptional catalytic activity of the platinum and chromium oxide-based catalyst in
alkane DH, many disadvantages are associated with the use of these catalysts, for example, catalyst
poisoning, the use of expensive platinum, and the adverse effect of chromium on the environment.”
All of these drawbacks associated with the use of these catalysts have led scientists to search for
more appropriate and environmentally friendly catalysts. One such catalyst is vanadium oxide. It
is known for its activity in many hydrocarbon oxidation reactions and DH reactions. The very first
citation of vanadium oxide was of ODH using vanadium-magnesium mixed oxides in 1980.13!4

There are multiple factors that decide the type of vanadium utilized in the catalyst, namely, the
carrier type, the surface area of the supporting material, the metal loading, and the oxidation state
of the vanadium metal ion.!> Researchers have concluded that vanadium is present as V** or V**in
the catalytically active species supported over alumina and is responsible for the DH reaction of
alkanes.!-19 At the beginning of the DH reaction, the vanadium is present as V*3; furthermore, the
reduction of vanadium catalyst by hydrocarbon leads to the formation of V** and V++.20

5.2.4 MoLyBDENUM OXxIDE-BASED CATALYSTS

Another widely used catalyst in alkane DH reaction is molybdenum oxide. The very first citation
of a molybdenum oxide-based catalyst supported over alumina (MoO,/Al,0;) was reported in 1946
for the dehydrocyclization of n-heptane.?! This study led to the wide use of this catalyst in the non-
ODH of alkanes.

The chemistry of this catalyst is similar to that of the vanadium catalyst as molybdenum can also
present in different forms as monomers, polymers, or crystallites depending upon the type of sup-
porting material used and the conditions in which the catalyst is prepared.??

5.2.5 GALLIUM OXIDE-BASED CATALYST

The very first DH reaction catalyzed by gallium oxide supported over ZSM-5 was the conversion
of “propane to aromatics”. Ever since its report in 1980, it has become a catalyst of interest for
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scientists.?>2* Gallium oxide (Ga,0,) catalysts in DH reactions can be utilized in the form of bulk
oxide and with supporting materials.

Chen et al. demonstrated that the criteria for the DH reaction as catalyzed by gallium oxide is the
presence of Lewis acid sites, that is, the presence of coordinately unsaturated tetrahedral Ga**ions,
which work as catalytic active sites for the hydrocarbon’s DH reaction.?’

The supporting material that shows prominent results is zeolite, which contains a low concentra-
tion of strong acid sites and a high concentration of weak acid sites and makes a stable gallium oxide
catalyst for alkane DH.?¢

5.2.6 CARBON-BASED CATALYST

Carbon-based materials have been employed as supporting materials in a variety of catalysts due
to their high surface area, cost-effectiveness, and environmentally friendly nature. The activated
carbon has also shown activity toward the DH of alkanes.?’” McGregor and his co-workers have
shown that VO,/Al,O; catalyst encapsulated in coke deposit is catalytically active towards the DH
of butane.?

5.3 OXIDATIVE DEHYDROGENATION

The ODH of an alkane is an exothermic reaction. The olefin yield of the ODH reaction as catalyzed
by different catalysts depends upon the type of alkane and reaction condition. In non-ODH, the C-H
bond is directly activated by the metal, and in ODH, the C-H bond is activated by the oxygen species
through hydrogen or proton abstraction.

5.3.1 Grours V AND VI TRANSITION METAL OXIDES

The transition metals belonging to groups V and VI have been successfully utilized in the ODH of
ethane and propane as bulk catalysts or as supporting materials possessing high surface area. Out
of all the metals, vanadium has come across as the most active metal in ODH, and particularly,
the VMgO system has gained more attention due to its higher propene yields and selectivity. The
catalytic activity of the VMgO system towards ODH can be augmented when supported with a
redox metal ion. In addition, VMgO, vanadium hydroxycalcium apatite, has also been found to be
active toward the ODH of alkanes.?® Compared to VMgO, the supported vanadium catalyst shows
lower activity, and the catalytic activity of the supported vanadium catalyst increases with increased
concentration of VO,.

The kinetics of the ODH reaction of propane as catalyzed by ZrO, supported over VOx, MoOx,
NdOx, and WOx can be explained by the Mars-van Krevelen model.3%3 According to this model,
the reaction of alkane with the lattice oxygen of the oxo metal species leads to the formation of oxy-
gen vacancies in the catalyst. The oxygen-deficient metal species then re-oxidize to their original
state with adsorbed O,. The adsorbed O, molecule can be introduced into the oxo metal species
through subsequent reduction processes.?

5.3.2 Ni-Basep CATALYST SYSTEMS

It is well-known that the non-stoichiometric oxides of metal show redox properties that can be uti-
lized for many catalytic applications. In line with this fact, the non-stoichiometric oxide of nickel,
NiO,, having Ni in variable oxidation states, has been examined in the ODH of alkanes. Some of the
examples of the ODH of ethane and propane as catalysed by NiO, are shown in Table 5.2.5

Even though the ODH reaction of alkane as catalysed by NiO, follows the Mars-van Krevelen
mechanism,* the direct participation of the nickel centre in the C-H bond activation cannot be
ruled out.
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TABLE 5.2
Comparison of Different Ni-Based Catalysts for the ODH of Alkane.
Catalyst Preparation method Substrate Reaction conditions Yield (%)
NiO-LiCl/SZ Precipitation and Ethane C;Hg:0,:N, = 10:10:80 73.5
impregnation Flow rate = 3,600 ml h™!
T =650 °C
Propane C;H,:0,:N, = 10:10:80 104
Flow rate = 3,600 ml h™!
T =600 °C
CeNi,;0Y Coprecipitation using Propane C;H3:0,:N,=5:15:80 54
triethylamine (TEA) Flow rate = 6,000 ml h™!
T=375°C
CeNi,O Oxalate gel Propane C;Hg:0,:N,=0.7:1:12 10.6
coprecipitation GHSV =5,480 h!
method T=275°C
Cey.15Nb 03NiO Modified sol-gel Propane C;Hg:0,:He = 1.2:1.0:1.2 10.4
method using Flow rate = 10,000 ml h='/g cat
citric acid as a ligand T =250 °C
NiO-Bi,0,-ZrO, Coprecipitation Propane C;H:0,:N, = 10:5:5 10.4
GHSV = 15,000 ml h-'/g-cat
T =400 °C
Mesoporous NiO Surfactant-assisted Propane C;Hg:0,:He = 1.2:1.0:1.2 13.2
route GHSV = 10,000 ml h-'/g-cat
T =450°C
Ni-Nb-O Evaporation method Ethane C,H:0,:He =9.1:9.1:81.8 46.0
(Nb/Ni = GHSV = 6,667 ml h-!/g-cat
0.11-0.18) T =400 °C

5.3.3 LitHiuM- AND HALIDE-CONTAINING CATALYSTS

Lithium- and halide-containing catalysts display ODH activity and alkene selectivity at a higher
temperature. The alkene selectivity of the catalyst increases with the increase in temperature.
The catalytic reaction follows the Eley-Rideal mechanism. The alkene selectivity is mostly
dependent upon the gas-phase radical chemistry since the C-H bond activation takes place at the
surface of the catalyst while the transformation of the alkene from the alkyl radical takes place
in the gas phase. A few examples of lithium- and halide-catalyzed ODH reactions are given in
Table 5.3.

5.4 DEHYDROGENATION OF ALKANES BY PINCER COMPLEXES

Alkane DH reaction has always been a challenge for scientist as the controlled conversion of an
alkane to corresponding monoenes with regioselectivity is very difficult. These challenges have
made organic chemists come up with catalysts that can overcome these problems. In this regard, the
very first transition metal-mediated DH of alkane was discussed by Crabtree and associates in 1979.
They reported the conversion of cyclopentane and cyclooctane to corresponding cyclopentadienyl
and cyclooctadiene (COD) as catalyzed by iridium complexes in the presence of a hydrogen accep-
tor, namely, fert-butylethylene (TBE), under reflux conditions*-3¢ (Scheme 5.2).

As the alkane DH reaction is thermodynamically uphill, it is necessary to couple the reaction
with a hydrogen transfer reaction to decrease the energy requirement of the reaction. Ever since
Crabtree, the utilization of TBE as a sacrificial hydrogen acceptor has become a trend in these
reactions.
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TABLE 5.3
Lithium- and Halide-Containing Catalysts for the ODH of Alkane.
Catalyst Substrate Reaction conditions Yield (%)
Li/Ni/CaO Ethane C,H:0,:N, = 15.2:8.6:76.2 34.8
GHSV = 1,000 h™!
T =620 °C
3.5 wt.% LiCl/SZ Ethane C,H,:0,:N, = 10:10:80 68.1
Flow rate = 3,600 ml h™!
T =650 °C
Mg-Dy-Li-Cl Butane C,H,,:0,:He = 5-7:10-12:81-85 50.2
WHSV =0.2 h™!
T =580 °C
Sn—Mn-LiCl/MgO-YSZ Ethane C,Hy:0,:N, = 1:1:8 65.0
GHSV = 3,600 ml h~'/g cat
T =662 °C
Li/Dy/Mg/O/Cl Ethane C;Hg:0,=1:1 62.0
WHSV 1.8 h!
T =550 °C
Li/Dy/Mg/O/C1 Propane C,Hq:0,=1:1 14.0
WHSV =0.8 h™!
T =585°C
BF,
t t
—Bt Y = -
LL |
*+ [Ier(MeZCO)z(PPh3)2]BF4 ]l'iH
CICH,CH,CI Ph3p PPhs
Reflux
30 %
tBu 'Bu —‘ Bhs
E i \ PHPh;
+ [|TH2(MGQCO PPh3 2]8F4 /
CICH,CH,CI / \
Reflux N PHPhy
70 %

SCHEME 5.2 Conversion of cyclopentane and cyclooctane to corresponding cyclopentadienyl and cycloocta-
diene as catalyzed by [IrH,(Me,CO),(PPh,),|BF,.

5.41

The discovery of Phenylcyclohexylpiperidine (PCP)-based pincer iridium complex, (®*,PCP)IrH,
(1), by Kaska and Jensen as a more efficient catalyst towards alkane transfer DH than its rhodium
analogs’” made many scientists take notice and paved the path for the advancement in the area of
pincer-based iridium complex.’®3? Because of the thermal stability of the complex, Kaska, Jensen,
and Goldman were able to successfully catalyze the acceptorless DH of cyclodecane (Scheme 5.3)
with the help of iridium complex ((*,PCP)IrH, (1)) resulting in 360 TOs in 24 hours at 200 °C.*°
Furthermore, Goldman showed that the isopropyl analog of (1) (**PCP)IrH, (2) was found to be
more reactive than its parent complex as a catalyst in the acceptorless DH of cyclodecane.

Many analogs of (B*PCP)Ir (1) have been synthesized in recent years for alkene DH reac-
tions (Figure 5.3)42 by modifying the aryl group,®-46 substituting the CH, linker,***” and ligating

DEHYDROGENATION OF ALKANE BY PINCER IRIDIUM COMPLEXES
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PR .
2 R=Bu(1),Pr(2)

ItH, n=2(1),4(2)

PR,

SCHEME 5.3 Dehydrogenation of cyclodecane as catalyzed by (B',PCP)IrH, (1).

R, R,
"/ .
P (1) X = H, R;=R,=R4=R,='Bu; (2) X = H, R;=R,=R;=R,=Pr; (3) X = H, R;=R,=R;=R,=Ad: (4) X = H, R,=R,=R;='Bu, R= Me
Ir (5) X = H, Ry=R3='Bu, Ry=R,= Me; (6) X = OMe, Ry=R,=Ry=R,='Bu; (7) X = OMe, R;=R,=Ry=R,=Pr;
(8) X = NMey, Ry=R,=Ry=R='Bu; (9) X = CO;Me, R;=R,=R3=R4=Bu; (10) X = H, Ry=R;=R3=R;=CF;

Kaska, Jensen, Goldman, and Roddick
s Rs

Y_P/ 1) X = H, Y=2=0, Ry=R,=Rs=R:='Bu; (12) X = H, Y=2=0, R;=R,=Ry=R,=Pr; (13) X = OK, Y=Z=0, R,=R,=Rs=R;='Bu;

| (14) X = OMe, Y=Z=0, R,=R,=R;=R,=Bu; (15) X = F, Y=2=0, R;=R,=R;=R,=Bu; (16) X = C¢F;. Y=2=0, R;=R,=R;=R,='Bu;
{17) X = H, Y=CHj, Z=0, Ry=R,=R;=R,='Bu; (18) X = H, Y=CH,, Z=0, R;=R,=R3=R,=Pr; (19) X = H, Y=, Z=0, R;=R,=R3=R,=Pr;
z— b (2o)x H, Y=CH,, Z=0, Ry=R,='Bu, Ry=R,=/Pr;

Brookhart, Jensen, Goldman, and Haung

(21)R=Bu, R 2ROy, R
=OAc: ~R }
(22) R=Pr; (24) R=Pr; S | ~eniREeR
' /E—!r
R :?:::‘2;3;?::::“‘ LR (25) R=Ph Goldberg, Goldman \_J_,R Yamashita
R Yamamoto R

FIGURE 5.3 Different variations of pincer iridium complexes studied for alkane dehydrogenation.

atoms.*34° Haenel and Kaska’s group developed a new complex (B Anthraphos)IrH, (21) that shows
higher thermal stability and was active toward the acceptorless DH of alkanes.>

Furthermore, Goldman and his group studied the effects of sterically hindered substitutions on
the phosphine group and its corresponding effects on the catalytic efficiency of the complex.*® The
results are summarized in Table 5.4.

5.4.2 PINCER-RUTHENIUM COMPLEXES AS CATALYSTS FOR ALKANE DEHYDROGENATION

Roddick and his co-workers in 2011 reported (F;PCP) Ru(COD)H complex (28) as a catalyst for
alkane DH. The catalyst showed superior yields of olefin at a higher temperature. The requirement
of high temperature was a consequence of the dimerization of the catalyst, which led to its deactiva-
tion>? (Scheme 5.4).

Huang and his group developed a series of pincer-ruthenium complexes and tested them in the
transfer DH of alkanes as catalysts.”® The complex (*r,POCOP)Ru(NBD)H (29, NBD = norborna-
diene) showed maximum turnover for the conversion of TBE to TBA at significantly lower concen-
trations of TBE for the transfer DH of COD at 200 °C.
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TABLE 5.4
Alkane Dehydrogenation by Pincer Iridium Complex with Varying Steric Hindrance and at
Different TBE Concentrations.>'

R, R,
I‘r
l\_) 1 mM

A

S. No R T (°O) Turn over number after 10 mins (total olefin; 1 mM = 1 TO)
Complex 1 Complex 2 Complex 4 Complex 5
1. n-Bu 157 31 86 126 76
2. CH, 200 55 665 110 395
(F3C)2P’o,,‘ P(CF3)2 O
'.T/
| \
S <:>
Ho\ + H,
P.
/
(FsC)P  P(CF3),
28

SCHEME 5.4 COD dehydrogenation as catalysed by (°";PCP)Ru(COD)H (28).

O—P'Pr,

SCHEME 5.5 Pincer-ruthenium complexes ( 1’, POCOP)Ru(NBD)H (29, NBD = norbornadiene).

5.5 DEHYDROGENATION OF AROMATIC HYDROCARBONS

Usually, the last step in the synthesis of polycyclic aromatic compounds and their derivatives is the
DH reaction.>* Commonly, the DH reaction is undertaken using some catalysts such as sulphur and
selenium or metal catalysts such as palladium and platinum. The use of these catalysts gives good
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yields but at the expense of selectivity. These methods cannot be employed for the synthesis of sen-
sitive compounds because of the drastic conditions employed in the reaction. Given the drawbacks
of using these catalysts, researchers have developed milder methods by using high oxidation poten-
tial quinones such as 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) and chloranil.

5.5.1 CatALyTic DEHYDROGENATION OF AROMATIC HYDROCARBONS USING PD OR PT

DH of aromatic hydrocarbons using metal catalysts such as palladium and platinum is one of the
widely used methods. The metal catalyst can be used in a finely divided powder form or supported
over activated carbon.” The reaction conditions such as temperature vary with the catalyst and
reaction material employed in the reaction. The catalytic DH reaction is generally carried out in
reflux conditions at higher temperatures; therefore, the solvents that are employed, such as cumene,
p-cymene, decalin, nitrobenzene, naphthalene, quinoline, etc., have higher boiling points. An exam-
ple of palladium-catalyzed DH of decahydrobenzo[a]pyrene supported over carbon at 300-320 °C
is given in the following®® (Scheme 5.6).

Substitution of the bulky groups on the ring affects the rate of the reaction and the temperature
requirement. They interfere with the adsorption of the catalyst, which results in the decline of the
rate of the reaction and an increment in the required temperature. The yields for the DH reaction of
cis and trans isomer of 9,10-dimethyl-9,10-dihydroanthracene to 9,10-dimethylanthracene as cata-
lysed by 10% Pd/C were found to be 90% and 20%, respectively, because of the steric hindrance of
the trans methyl group with the catalyst, which blocks the association of the catalyst>’ (Scheme 5.7).

A few examples of aromatic DH as catalysed by metal catalysts (Pd and Pt) with comparative
yields are shown in Table 5.5.5*

5.5.2 DEHYDROGENATION OF AROMATIC HYDROCARBONS UsING DDQ

Braude, Jackman, Linstead, and co-workers reported the use of DDQ for the DH of hydroaromatic
compounds.’® DDQ has been mostly used to gain aromatization in steroids and porphyrin rings.
The reaction requires a reflux condition and high temperature; for this reason, high boiling point
solvents are used in the reaction. Several examples of the DH reaction over DDQ are given in the
following>® (Scheme 5.8).

(I o e
(LT s [T

SCHEME 5.6 Palladium-catalysed dehydrogenation of decahydrobenzo[a]pyrene supported over carbon.

CHy
| PaiC [ Pd/C
90 % NG 2%

CHs

SCHEME 5.7 Dehydrogenation reaction of cis and trans isomer of 9,10-dimethyl-9,10-dihydroanthracene as
catalysed by 10% Pd/C.
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TABLE 5.5

Catalytic Dehydrogenation of Unsubstituted and Substituted Polycyclic Hydrocarbons.

Substrate Product Catalyst Reaction condition Yield (%)
Pd/C Reflux, 22 h 97
Pt/C Reflux, 21 h 78

O O Pd/C 300 °C,0.5h 80
0 coo

OOO OOO Pd/C p-Cumene, reflux, 4 h 80

Pd/C Reflux 80

T
w
C%
I
w
Cj‘

‘ Pd/C 300-320°C, 1h 93

O
N
I

Hj
C2H5 Pd/C Diglyme, reflux, 12 h 90
oHs
O Pd/C 330-340°C, 1 h 70

O O
N
T
) Q
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=
_ DDQ, 20 hrs |
7 | SR B
NS S
20 %

DDQ, 20 hrs

70 %

SCHEME 5.8 Dehydrogenation of polycyclic hydroaromatic compounds using DDQ.
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6.1 INTRODUCTION

The introduction of an olefin group into a molecule is a lucrative approach for scientists due to the
wide scope of functionalization of the double bond. Formation of a double bond particularly in an
N-containing molecule is interesting because of its importance as a platform chemical for biologi-
cally significant molecules [1]. Dehydrogenation is a highly significant way of introducing a double
bond into a saturated molecule [2]. In this context, dehydrogenation of amines, both aliphatic and
aromatic, needs to be considered. Due to the formation of hydrogen as a by-product of the dehydro-
genation reaction, the saturated N-heterocycles are also considered important liquid organic hydro-
gen carriers (LOHCs), which has very high importance for blue hydrogen fuel production that has
two major advantages over conventional LOHCs, such as NH;:BH;, NaBH, and metal hydrides [3].
Compared to ammonia borane and sodium borohydride, the N-heterocyclic LOHCs are naturally
abundant and economically efficient. In addition, the dehydrogenation process of N-heterocyclic is
endothermic, which makes the reaction more controllable and eliminates the possibility of generat-
ing undesired by-products [4, 5].

Nitriles are also a class of compounds derived from the double dehydrogenation of amines.
Nitriles are very important from a pharmaceutical standpoint [6] and are intermediates for the syn-
thesis of a wide variety of organic compounds [7]. Nitriles synthesis from amides, aldehydes, aldox-
imes, etc. involves higher waste materials and additional energy and costs. It has been observed
that oxidative dehydrogenation stands out as a clean and energy-efficient process for the synthesis
of nitriles [8].

6.2 MECHANISTIC CONSIDERATION

To improve the efficiency of any chemical process, the first task is to understand the mechanism
of the reactions, the underlying conditions, and the deterministic parameters. Investigation of both
kinetic and thermodynamic aspects leads to the tuning of reaction parameters.

The dehydrogenation process, as it indicates, involves the production of hydrogen molecules as
the end product. However, the variety of reactions that requires removal of two H atoms leading to
the formation of a double bond to the organic molecules does not form H, but involves other hydride
acceptors.

The basic process of the reaction involving a radical initiator is as follows (Figure 6.1).

In both of the proposed paths, formation of a radical takes place. Although a hydrogen atom
transfer (HAT) occurs in the presence of ‘BuOe, a radical formed out of tertiarybutyl hydrogen
peroxide (TBHP) followed by a single electron transfer (SET) lead to the formation of a radical ion
(compound B in Figure 6.1). The same radical ion forms in the presence of TsN, but the steps occur
in reverse order. In the next step, a sequestering of a H* produces enamine [9].

In a typical metal-mediated catalysis, the N of the aliphatic amines gets attached to the metal
centres followed by a transfer of an H atom to the metal centre, forming an imine bond. Bernskoetter
and Brookhart isolated the formation of amine metal complex adduct with Ir as the metal centre
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FIGURE 6.1 Mechanism of metal-free dehydrogenation of amine in a radical pathway.

Source: Adapted from ref [9]

[10]. They proposed an Ir (I) amine to have swift equilibrium with an Ir (III) amine hydride com-
plex with a very high preference for the former complex (Figure 6.2). In the presence of an H accep-
tor, in this case, fert-butylethylene (TBE), the equilibrium shifts irreversibly towards a f-hydride
elimination that leads to the formation of an imine bond. The same sequence takes place again to
form a nitrile adduct. The nitrile adduct is more susceptible of undergoing a substitution reaction
by the aliphatic amines present in the medium. This indicates that the presence of some residual
saturated amines (2,2-dimethylbutane (TBA) in the given example) is necessary for the isolation of
dehydrogenated products.

The presence of any hydrogen acceptor acts as a driving force to move the reaction forward.
However, it has been observed that the change in TBE concentration does not change any rate of the
reaction. The zero-order dependence on TBE and certain other isotope labelling experiments sug-
gests that the B-hydride elimination or N-H oxidative addition is likely to be the rate-determining
step [10].

The Choi group has conducted extensive work on transition metal-mediated electrocatalysis
for the transformation of organic molecules where the metal catalyst is present in the form of a
solid electrode. They demonstrated Ni(III) catalyst for potential dependent indirect oxidation that
achieves dehydrogenation through HAT. More recently, they reported that the Ni(IV) centre of the
catalyst undergoes dehydrogenation through hydride transfer [11]. The catalysis occurs once the
reactant is adsorbed on the catalyst. They investigated the stepwise mechanism of electrochemical
dehydrogenation and based on their studies, proposed the following scheme (Figure 6.3) where they
introduced a proton transfer followed by a hydride transfer:

6.3 DEHYDROGENATION REACTIONS OF ALIPHATIC AMINES

6.3.1 Ru-CaAtALYZED DEHYDROGENATION

Panda et al. developed a series of Ru-complex catalysts for different transformations of
2-picolyamines (PA). Amongst them, [Ru"(Cl)(H)(CO)(PPh,);] undergoes oxidative dehydrogena-
tion with C-substituted 2-picolylamine (PA) in the presence of phenyl-(pyridin-2-yl)methanamine
and tetrahydro-1,1-bis-(isoquinoline) to generate the corresponding imine with high yield (78%
and 80%, respectively) (Figure 6.4). The reaction condition involves strong alkaline media to facili-
tate a-H abstraction. In the absence of alkaline media, the reaction does not proceed to generate
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FIGURE 6.2 General reaction mechanism of dehydrogenation of amine using a transition metal-based
catalyst.

Source: Adapted from ref [10]

the desired dehydrogenation product, which indicates the process to be base-induced oxidative
dehydrogenation.

Ruthenium has also been used for the dehydrogenation of amine borane adduct. Friedrich et al.
reported Ru-PNP amido pincer complex to give cyclic dimer upon dehydrogenation unlike the
formation of olefin (Figure 6.5) [14].

Ru-benzene dichloride dimer has been reported to be used for the double dehydrogenation of
amine to nitrile and the highly selective dehydrogenation of secondary amine to imine with more
than 90% yield [15]. These sets of reactions have been co-catalyzed by hexamethylenetetramine as
a hydride donor to the ruthenium catalyst.

An interesting work by Ray et al. demonstrates the dependence of the outcome on the ligand of
the Ru-complex catalyst under TEMPO/air conditions. Although the bis (imino)acenaphthene, that
is, BIAN complex, [Ru(II)(R-BIAN)(PPh,),(CO)(H)]CIO,, leads to the formation of nitrile from
primary amine, phenanthroline (phen) complex, [Ru(II)(phen)(PPh,),(CO)(H)]CIO,, gives second-
ary imine under the same conditions (Figure 6.6) [16].
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FIGURE 6.3 Stepwise reaction scheme for electrocatalytic dehydrogenation. Third and fourth steps indicate
proton transfer and hydride transfer, respectively, from the adsorbed primary amine substrate to Ni*+ catalytic
site.

Source: Adapted from ref. [12]

6.3.2 Mo-CATALYZED DEHYDROGENATION

Mo-Halide clusters, along with several other groups 5 and 6 transition metal halides, were reported
by Kamiguchi et al. for aliphatic amine dehydrogenation [17]. (H;0),[(Mo,Cl;)Cl,] - 6H,O crystals,
activated by and under hydrogen flow, were introduced to diethlyamine at 673 K to produce 72%
selectivity towards N-ethylidene ethylamine. In contrast, the same reaction under helium flow and
activation shows 60% selectivity towards the dehydrogenation product. Under both conditions, a
considerable level of dealkylation was also observed, which leads to the production of ethyl amine.
With [(Mo4Br,)(OH),(H,0),], a better conversion and almost similar selectivity was obtained under
H, flow, whereas under He flow, the conversion drops. It is pertinent to mention that Mo metals
also catalyze the dehydrogenation of aliphatic amine; however, the catalytic activity is poor with
around 4% conversion and 45% selectivity. (H;0),[(Mo,CL)Cl] - 6H,O gives a 21% conversion of
pyrrolidine to pyrroline with 81% selectivity under H, flow but only an 8% conversion of piperidine
to 2,3,4,5-tetrahydropyridine.

6.3.3 Ni-CaAtALYZED DEHYDROGENATION

Ni is one of the most common dehydrogenating agents and has been used for a long time. Inorganic
Ni-based catalysts were used earlier for the dehydrogenation reactions of smaller aliphatic amines.
Yamazaki and Yamazaki, back in 1990, reported NiSO, in the presence of S,047 as an oxidant that
showed more than 90% yield for the double dehydrogenation of primary amines to yield nitriles [18].

Ni in the presence of Ir gives the dehydrogenation of a N-heterocyclic-saturated compound under
photochemical conditions following a B-hydride elimination pathway [19].

6.3.4 IrR-BAseD CATALYST FOR DEHYDROGENATION

Ir-PCP pincer ligand complex is a popular catalyst for the transfer dehydrogenation of secondary
amines. Reactions carried out at a 473-K temperature and in sealed tubes have shown good yield in
the presence of alkenes. Although it is predictive that the reaction occurs through the transfer dehy-
drogenation mechanism, the exact reaction pathway has not yet been established (Figure 6.7) [20].
A Cp*Ir complex containing a pyridyl-triazolylidene ligand in 1,2-dichlorobenzene (1,2-
DCB) media was reported by Albrecht and coworkers for the dehydrogenation of a wide range of
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benzylamine, which gives a mixture of secondary imine, secondary amine, and tertiary amines
(Figure 6.8). Out of the two investigated complexes having pyridyl or phenyl pendant attachment,
the former shows higher selectivity towards secondary imine [21].

6.4 DEHYDROGENATION REACTIONS OF AROMATIC AMINES

A ruthenium-catalyzed transfer dehydrogenation has been reported in the presence of
2,6-dimethoxybenzoquinone under mild conditions for the transformation of aromatic amine into
an imine. The reaction was realized under toluene reflux conditions.

The presence of +R group as R or R’ facilitates the reaction by reducing the time and improving
the yield. The presence of MnQO, is essential for the redox cycle of 2,6-dimethoxybenzoquinone
(Figure 6.9), whose absence inhibits the reactions with yields below 10% even after 24 h [22].
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A much simpler catalyst was reported by Samec et al. to give a much faster and efficient yield of
ketamine and aldamines (Figure 6.10) [23].

Here, in place of MnO,, a Co-salen type of co-catalyst was used for the activation of
2,6-dimethoxybenzoquinone leading to faster kinetics. A schematic mechanism proposed by the
authors shows the reaction to follow the aerobic oxidation of secondary amines with aromatic
amines (Figure 6.11).

The acceptorless dehydrogenation of secondary amines to imines using RuH,(CO)(PPh,), and
Shvo’s catalyst systems was reported by Hong and co-workers [24]. Ru(II) hybrid complex with
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FIGURE 6.10 Structure of the Ru-catalyst.
Source: Adapted from ref [23]
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pyrazolyl-(2-indol-1-yl)-pyridine ligand has been shown to be an efficient catalyst for the acceptor-
less dehydrogenation of N-heterocycles with a broad substrate scope (Figure 6.12) [25]. The mecha-
nism of the transformation is similar to that of aliphatic amine, which involves oxidative hydride
transformation through the metal centre, and the double dehydrogenation results in the aromatiza-
tion of the final product.

The mechanism proposed by the authors is shown in Figure 6.13:

N-benzylhexamethylenetetramine, an easily available commercial compound along with RuCl,.
nH,0, was reported very recently by Kannan et al. to give more than 70% yield to the dehydroge-
nation reaction in the acceptorless pathway for both primary and secondary amines. The primary
amines produce corresponding nitriles, whereas the secondary amines give imines as the final product
along with gaseous hydrogen under refluxing conditions with toluene as the solvent. The schematic
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mechanism proposed by the group is shown in the following Figure 6.14, which indicates that the
N-benzylhexamethylenetetramine plays the role of H-source that leads to the formation of Ru(II)(H),,
namely, complex A, making the coordination sites active. The Ru-complex then undergoes the general
mechanism of the oxidative addition of amine to the metal followed by H, elimination [26].

6.5 CHALLENGES AND FUTURE PROSPECTS

In the last two decades, the understanding of the chemistry of dehydrogenation of amine has
increased to a considerable extent. The development of various catalysts for selective dehydrogena-
tion, both metal-free and transition metal complex-based catalysts, is coming from many groups
across the globe. To date, despite this progress, certain challenges remain for addressing in the
future. One of the prominent challenges is the multiple by-product formation during metal-mediated
catalytic dehydrogenation. The formation of intermediate aldimines, a very active electrophile,
leads to unwanted products. Another aspect of the challenge is the requirement of acceptor mol-
ecules to drive the reaction. The high reaction temperature and long reaction time are the major
concerns for acceptorless conversion systems. The design of catalysts that will promote dehydroge-
nation in a tandem manner along with B-hydride elimination needs to be one of the focus areas of
future research. This will also, in turn, facilitate green hydrogen production. The most conventional
challenges for any catalytic reaction, specifically, the issue of the recyclability of the catalyst and
the usage of the solvent, are also major points of concern. More efforts towards making heteroge-
neous catalytic systems will perhaps open new avenues for the better reusability of catalysts and less
solvent-intensive processes.
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7 Dehydrogenation Reactions
of Aliphatic and Aromatic
Carboxylic Acids and
Their Derivatives

Megha Balha

7.1 INTRODUCTION

Dehydrogenation is the process of removal of hydrogen from an organic compound to form a new
chemical compound. That is, saturated compounds are converted into unsaturated ones. The dehy-
drogenation of the carboxylic acid is shown in Figure 7.1. The dehydrogenation of carboxylic acids
furnishes a,f-unsaturated carboxylic acids.

In organic chemistry, a,f-unsaturated carbonyl moieties are important building blocks of pri-
mary importance for synthesis because of their broad-ranging reactivities [1]. Conjugated structures
are present in various natural products [2] and chemicals of medicinal importance [2, 3]. Selected
examples of a,f-unsaturated carbonyl motifs available in natural products are demonstrated in
Scheme 7.1. As a result, the advancement of structured methods for their synthesis is one of the key
tasks.

The most likely method for forming unsaturated compounds with high atom efficiency is through
the dehydrogenation of adjacent two sp® C-H bonds [4]. To accomplish this reaction, the major prob-
lem is over-dehydrogenation. After the dehydrogenation, the obtained alkene contains more reac-
tive allyl sp*C-H bonds. Despite these challenges, various carbonyl dehydrogenation reactions are
achieved by employing transition metals (Cu or Pd) or stoichiometric reagents based on S, Se, Br, or
I. Direct dehydrogenation of carbonyl compounds is quite favorable for furnishing a,-unsaturated
carbonyl compounds such as ketones [5, 6], aldehydes [5], esters [7], and amides [8]. One of the
most useful dehydrogenation methods in synthesis is derived by exploring syn-eliminations of sulf-
oxide and selenoxide intermediates [9—11]. Other organic reagents that have been developed to
prepare enones are hypervalent iodine, N-oxoammonium salts, and N-fert-butyl phenylsulfinimi-
doyl chloride [12—-14]. Recently, the desaturation of carbonyl compounds was also achieved by the
electrochemical method [15]. A widely studied catalytic pathway for the dehydrogenation of ketones
is through the generation of Pd(II) enolates followed by S-hydride elimination, furnishing unsatu-
rated compounds [16—-20]. Dehydrogenation reactions of carboxylic acids are also quite important
methods in chemical industries. Despite its importance, the dehydrogenation of a,f-unsaturated

Dehydrogenation .
R OH ~ R OH
H H H

FIGURE 7.1 Schematic representation of the dehydrogenation of carboxylic acids.
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SCHEME 7.1 Natural products having a,f-unsaturated carbonyl moieties.

carboxylic acids is limited compared to the dehydrogenation of aldehydes and ketones. A few
approaches have been developed for the dehydrogenation of «,f-unsaturated carboxylic acids [21].

In this chapter, we discuss the dehydrogenation reactions of aromatic and aliphatic carboxylic
acids for the formation of o, f-unsaturated carboxylic acids.

7.2. DEHYDROGENATION REACTIONS OF ALIPHATIC
AND AROMATIC CARBOXYLIC ACIDS

In 1973, Ronchi and group reported the dehydrogenation of a-anions of carboxylic acids by
2,3-Dichloro-4,5-dicyanobenzoquinone (DDQ) for efficient synthesis of a,f-unsaturated acid
derivatives (Scheme 7.2) [22]. a-Anions of carboxylic acids were synthesized from lithium diisopro-
pylamide and sodium carboxylates. The authors observed a lower yield on substituting DDQ with
10-phenylisoalloxazine. Butanoic, hexanoic, octanoic, and dodecanoic acids are well-endured in the
reaction condition, and the corresponding a,f-unsaturated acids were isolated with moderate yields
(up to 30%). The lower yield was observed for the desired products because a considerable amount
of starting material remained unreacted and, thus, recovered.

In 2014, Jr and group reported the selective catalytic oxidative dehydrogenation of carboxylic
acids for the synthesis of unsaturated acids at C2 and C3 carbon (Scheme 7.3) [23]. The transforma-
tion was catalyzed by Au nanoparticles supported on TiO,. The authors discussed the higher activ-
ity and selectivity of Au/TiO, towards the C-H bonds at the C2 and C3 carbons of aliphatic linear
organic acids than Pd/Pt catalysts. The authors confirmed the synthesis of crotonate and acrylate
from butyric acid and propionic acid, respectively, through infrared (IR) and density functional
theory (DFT).

In 2017, Newhouse and group reported the o, -dehydrogenation of carboxylic acids via enedio-
lates using allyl-palladium catalysis. The reaction afforded the major products with excellent yields
(up to 90%) and diastereoselectivities (> 20:1) (Scheme 7.4) [24]. To avoid the classical decarboxyl-
ation pathway, the authors used the Zn(TMP),2LiCl as a base in the presence of ZnCl, (excess) to
generate dianions that underwent dehydrogenation to obtain unsaturated carboxylic acids. Various
bases and additives were also screened, but the best results were found with Zn(TMP),2LiCl and
ZnCl, (Table 7.1).

Substrates with substitutions at the S-position were well-endured in the reaction condition.
Terminal F-, Cl-, Br-, and MOMO-substituted desired products were isolated with 76, 74, 94, and
90% yield, respectively. Other functionalities such as internal epoxide and N-methyl indole were
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1) LDA in THF/HMPA

R R

~"co,H A coH
2) DDQ

R = Me, n-Pr, Up to 30% yield
n-CgHqq , n-CoHyg

SCHEME 7.2 Dehydrogenation of carboxylic acids using lithium diisopropylamide and DDQ by Ronchi
etal.

Au/TiO
urh®: RN -COOH
400 K

R~~~COOH

R=H, CH,

SCHEME 7.3 Oxidative-dehydrogenation of carboxylic acids by Jr et al.

a) 3.0 equiv. Zn(TMP), 2LiCI
H 40 ©
6.0 equiv. ZnCl,, -40 °C, THF, 1.5 h g R/\/COZH

b) 2.5 mol% [Pd(allyl)Cl],
1.2 equiv. allyl acetate, 60 °C, 12 h, THF

—
ONCOZH @NCOZH ©/\/\/\COZH

R~ -COH

(85%, >20:1 d.r. (87%, >20:1 d.r.)* (69%, >20:1 d.r.)*
X _COH P P
Ci
(66%, >20:1 d.r.)* (77%, >20:1 d.r.)* (76%, >20:1 d.r.)

Z = =
I N coH B TN NcoH MOoMO” T, N N co H

(74%, >20:1 d.r.) (94%, >20:1 d.r.) (90%, >20:1 d.r.)
CO,H
? CH1r
—_
(o)
; \
N * \—co,H
Me
(65%, >20:1 d.r.) (72%, >20:1 d.r.)

*2.3 equiv. Zn(TMP), 2LiCl, ZnCl, not added, and after 3 h, the reaction was quenched.

SCHEME 7.4 Dehydrogenation of carboxylic acids.
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TABLE 7.1
Optimization of Carboxylic Acid Dehydrogenation

a) 3.0 equiv. base 6.0 equiv. additive

R/\/COZH -40 °C, THF,1.5h -~ R/VCOZH

b) 2.5 mol% [Pd(allyl)Cl],
1.2 equiv. allyl acetate, 60 °C, 12 h, THF

Entry Additive Base Yield [%]®
1 ZnCl, LiTMP 40 (48)
2 ZnCl, LiCyan <5 (<5)
3 - Zn(TMP), 52 (55)
4 - Zn(TMP),2LiCl 51 (55)
5 ZnCl, Zn(TMP),2LiCl 8511 (99)
6 LiCl Zn(TMP),2LiCl 19 (68)

[a] Yield of the product was determined after aqueous work-up using 'H nuclear magnetic resonance spectroscopy (NMR)
analysis (CH,Br, was used as an internal standard). The conversion of aliphatic carboxylic acid is provided within
parentheses.

[b] Yield of the isolated desired product.

also well-endured to provide the desired products with 72 and 65% yield, respectively. This method
is not applicable for f,S-disubstituted and a-branched carboxylic acid as the low conversion was
observed under the optimized reaction condition.

The authors have proposed the mechanism for dehydrogenation (Scheme 7.5). However, a few
aspects of mechanistic insight are still under investigation.

o)
Xx_CO,H
RIX-~V2
e ~Aon
base LeZnQ '/i\ work-up
OJ\EPd"Ln
X _C0.ZnL,
oznL, R
R/\%\OZnL
1] Pd“
Pd'L, e
\\_/ Pd°L,
\/\OAC \/\H

SCHEME 7.5 Proposed mechanism for dehydrogenation.
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In 2021, Yu et al. reported the dehydrogenation reactions of carboxylic acids using the bidentate
pyridine-pyridone ligand (Scheme 7.6) [25]. The reaction proceeded through S-methylene C-H acti-
vation of carboxylic acids, which results in the formation of a,f-unsaturated products. Based on a
literature survey and theoretical studies, the authors found that 2-pyridones are a suitable class of
ligands for promoting Pd-catalyzed C-H activation through ligand activation. Thus, the authors pre-
pared various bidentate pyridine-pyridone ligands and employed them in the reaction. 6-(Quinolin-
2-yh)pyridin-2(1H)-one ligand was found to be the best. Various solvents and cosolvents were also
screened, but 1,4-dioxane with tert-amyl alcohol was the best combination for this methodology
(Table 7.2). Cosolvent lowered the Pd loading from 10% to 4%.

This method was applied to simple linear and branched aliphatic acids, and corresponding major
products were isolated with high yields predominantly with E-isomer. Ring systems as substituents

(o} 4% Pd(OAc),, 4.4% ligand
NaOAc (0.5 equiv.), Li,CO3 (2.0 equiv.
o~ A, (05 equiv.), LpCO; (2.0 g ) AN
Ag,CO; (2.0 equiv.)
1,4'dioxane + t-AmylOH, under N,

100 °C, 16h
O  R=CH,, 78% Me o o
R = (CH,),CHj, )\/\/U\ N
R&)LOH 81% Me X~"Non Me OH
R = (CH,);CH3, Me
80% . ,
R = (CHp),CHj, 2% 7%
0,
0
o fo) (o} (o}
NS
V/\)LOH WOH OH X~"“oH
BocN
81% 72% 77% 79%
lo) (o]
o o - -
OH OH
BnONL OH MeONJ\OH
Cl
77% 67% 82% 80%
o o 0 OH
- « 0._OH
OH O/\)LOH \ Z
Mes Fy6” N7 Me Me
65%* 76%* 65% 42%*

43%* 56%* 59%*

*at 110 °C, and hexafluoro-2-propanol (HFIP 0.8 mL) was used as cosolvent instead of tert-amyl
alcohol.

SCHEME 7.6 Ligand-controlled dehydrogenation reaction of carboxylic acids.
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TABLE 7.2
Solvent Effect on the Dehydrogenation Reactions of Carboxylic Acids

0, 0/ i (o] ~
i AT i SO
R oH Ag,CO;3 (2.0 equiv.) HN !
Solvent (1.0 mL), under N, ligand
100 °C, 16h o
Entry Solvent Yield [%]
1.0 mL Dioxane 49
2 0.2 mL Dioxane + 0.2 mL 47
t-Amyl-OH
3 0.5 mL Dioxane + 0.5 mL 61
t-Amyl-OH
4 0.2 mL Dioxane + 0.8 mL 70
t-Amyl-OH
5 0.2 mL Dioxane + 0.2 mL #-Bu-OH 49
0.2 mL Dioxane + 0.8 mL #-Bu-OH 53
7 0.5 mL Dioxane + 0.5 mL #-Bu-OH 50

tYields determined by 'H NMR using dibromomethane as the internal standard.

were also well-tolerated in the reaction conditions. Aryl propionic acids bearing chloro- and methyl-
thio-substituents were successfully desaturated to corresponding enoic products with 80% and 65%
yields, respectively. This protocol is also suitable for a-branched carboxylic acid substrates. Acetyl-
protected lithocholic dehydrogenated product was also obtained with 56% yield.

In 2021, Ura and co-workers reported the a,f-dehydrogenation of aliphatic carboxylic acids
catalyzed by Pd(OAc), and pyridine using molecular oxygen as an oxidant (Scheme 7.7) [26]. The
authors screened various ligands such as substituted pyridines, amines, and phosphines; however,
lower yields were observed with pyridine. Changing the reaction temperature was not at all effective
in increasing the turnover number of the corresponding products. Increasing the time of the reaction
to 72 h increased the yield of the desired products. The authors also screened more additives such
as water, bases, acids, and other dehydrating agents, but they were ineffective in increasing the yield
of the reaction (Table 7.3—4). The yield of the reaction remained the same when also increasing the
O, pressure.

Butyric and valeric acid were well-endured in the reaction condition, and the corresponding
crotonic acid and 2-pentenoic acid were obtained with turnover numbers of 59.2 (E/Z = 12.1) and
28.2 (E/Z = 18:1), respectively. In the case of butyric acid, crotonic acid and 3-butanoyloxybutanoic
acid were formed. This method was applied to carboxylic acids with linear and longer alkyl chains,
and the desired products were obtained with E selectivity, albeit lower yields were observed with
elongated alkyl chains. Carboxylic acids branched at £ or y positions and with secondary alkyl
chains, were also well-tolerated in the reaction. Low turnover numbers were observed in the case of
dihydrocinnamic acid and 4-pentenoic acid.

The authors proposed the reaction mechanism based on experimental studies and DFT cal-
culations (Scheme 7.8). Initially, palladium (II) acetate reacts with propionic acid and pyri-
dine to give B. Then, A is formed from B by releasing a pyridine ligand. One of the propionate
ligands coordinates to Pd (C) through S-C(sp?)-H bonds. Then, the S-C(sp®)-H bond is activated
through the concerted metalation deprotonation mechanism to form five-membered complex D.
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R; Pd(OAc), (0.025 mmol) Rs
idi . Ry
R1\X\ pyridine (0.050 mmol) 1%(:0 H
CO,H 2
R 2 0, (1atm) R,
2 120 °C

wNcoH EtnNcom MO N MO N0

59.2 (12:1) 28.2 (18:1) 25.9 (14:1) 14.3 (>30:1)*
= CO,H )“1-./\ )\ "'\-\»)\
WA P co,H CO,H Z  Cco,H
28.0 31.4. (11:1) 22.2 41.4 (21:1)
NN Ph o~
A')\COZH 1"‘;\C02H z CO,H CO,H
28.1 (16:1) 39.9 (6:1) 4.1 1.6

The values in the parentheses are E/Z ratios. * Pd(OAc), (0.013 mmol) and
pyridine (0.025 mmol).

SCHEME 7.7  Pd-catalyzed dehydrogenation reaction.

TABLE 7.3
Effect of Acids

Pd(OAc), (0.025 mmol)
pyridine (0.025 mmol)

/\H/QH acid (0.25-0.50 mmol) %\[]/OH + /\n/o\/\n/OH

o 0O, (1atm) o o o
120°C,6 h
A B
Entry Acids Turn over number TON B@!
(TON) AR
1 None 17.3x1.2 4.4+0.6
2 CF,CO,H (0.50 mmol) 6.8 1.8
3 CCI,CO,H (0.50 mmol) 0 0.3
4 B(O"Bu); (0.25 mmol) 12.7 3.3
5 Al(OEt), (0.25 mmol) 12.2 2.7
6 Ti(OPr), (0.25 mmol) 8.7 2.2

[a] Determined by 'H NMR.
[b] The reaction was repeated 5 times, and TONs were reported as means with standard deviations.
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TABLE 7.4
Effect of Bases
Pd(OAc), (0.050 mmol)
pyridine (0.050 mmol)
OH bases (0.05-5.0 mmol) OH lo) OH
= +
Y oimm % ¥ ¥
120°C,6 h
A B
Entry Acids TON AR TON B&!
1 None 8.7+0.2 23+04
2 AcONa (0.50 mmol) 6.4 3.8
3 AcONa (5.0 mmol) 4.9 6.8
4 EtCO,Na (5.0 mmol) 4.8 7.0
5 K,CO; (5.0 mmol) 32 5.0
6 Cs,CO; (5.0 mmol) 32 5.7
[a] Determined by '"H NMR.
[b] The reaction was repeated 3 times, and TONs were reported as means with standard deviations.
(o] Py
Et—4
2 Py, 2 EtCO,H
Pd(OAc), =Y £EC0H o—Pd—0
-2AcOH | YEt
B Py O
Py | | -Py
EtCO,H y
O com = ZcoM QPd—0 CH
o Et)\cli O»—Et coordination
Py 0,, EtCO,H A
| -H,0,
0—Pd—H -(1120;+H;0) Py
El—< |/ 0—Pd—O,
) % Et—(o H )&):0
F
HO c H
CMD
beta-H Turnover-limiting
elimination step
Py ry
| —Pd—
&% e
Et—<o \)—OH -
Proton
transfer

SCHEME 7.8 Proposed Mechanism.
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Complex D undergoes proton transfer to give E, which undergoes f-hydride elimination to fur-
nish F. F furnishes acrylic acid. A is regenerated from F by reductive elimination and reoxida-
tion [27]. Furthermore, the synthesized acrylic acid reacts slowly with propionic acid to form
S-propionyloxylated propionic acid.

7.3 CONCLUSION

For the synthesis of pharmaceutically important conjugated carbonyl moieties, a, f-dehydrogenation
is the most versatile and sturdy method. Various novel methodologies have been developed in recent
years for the dehydrogenation of these carbonyl moieties, which we discussed. In this chapter, we
have shown the dehydrogenation of carboxylic acids using DDQ, Au nanoparticles supported on
TiO,, allyl-palladium catalysis, bidentate pyridine-pyridone ligand, and Pd(OAc), and pyridine
ligand for the synthesis of unsaturated acids. Thus, this chapter shows the potential of unsaturated
acids to develop new drugs and biologically active compounds. We expect that greener methodolo-
gies will be developed in the near future for the synthesis of these valuable conjugated acids.

REFERENCES

[1] For reviews, see: a) S. R. Harutyunyan, T. den Hartog, K. Geurts, A. J. Minnaard, B. L. Feringa,
Chem. Rev. 2008, 108, 2824-2852; b) N. A. Keiko, N. V. Vchislo, Asian J. Org. Chem. 2016, 5,
1169-1197; ¢) V. Marcos, J. Aleman, Chem. Soc. Rev. 2016, 45, 6812-6832; d) G. Desimoni, G.
Faita, P. Quadrelli, Chem. Rev. 2018, 118, 2080-2248; e) O. K. Drosik, J. W. Suwinski, Curr. Org.
Chem. 2018, 22, 345-361; f) K. Zheng, X. Liu, X. Feng, Chem. Rev. 2018, 118, 7586-7656; g)
R. A. Farrar-Tobar, A. Dell’Acqua, S. Tin, J. G. de Vries, Green Chem. 2020, 22, 3323-3357; h) C.
Brenninger, J. D. Jolliffe, T. Bach, Angew. Chem. Int. Ed. 2018, 57, 14338-14349; Angew. Chem.
2018, 130, 14536-14547; i) M. Kotora, R. Betik, Catalytic Asymmetric Conjugate Reactions (Ed.
A. Cérdova), Wiley-VCH, Weinheim, 2010, 71-144; j) S. Zhang, W. Wang, Catalytic Asymmetric
Conjugate Reactions (Ed. A. Cérdova), Wiley-VCH, Weinheim, 2010, 295-319; k) A. Lattanzi,
Catalytic Asymmetric Conjugate Reactions (Ed. A. Cérdova), Wiley-VCH, Weinheim, 2010, 351—
391; 1) Y. Yamamoto, T. Nishikata, N. Miyaura, Pure Appl. Chem. 2008, 80, 807-817; m) T. J.
Sommer, Synthesis 2004, 161-201.

[2] a) S. Amslinger, ChemMedChem 2010, 5, 351-356; b) L. Arshad, 1. Jantan, S. N. A. Bukhari, M. A.
Haque, Front. Pharmacol. 2017, 8, 22; ¢) N. M. Xavier, A. P. Rauter, Carbohydr. Res. 2008, 343, 1523—
1539; d) C. Zhuang, W. Zhang, C. Sheng, W. Zhang, C. Xing, Z. Miao, Chem. Rev. 2017, 117, 7762—7810.

[3] a) M. Hossain, U. Das, J. R. Dimmock, Eur. J. Med. Chem. 2019, 183, 111687; b) M. Gehringer,
S. A. Laufer, J. Med. Chem. 2019, 62, 5673-5724; ¢) P. A. Jackson, J. C. Widen, D. A. Harki, K. M.
Brummond, J. Med. Chem. 2017, 60, 839-885.

[4] a) A. Kumar, T. M. Bhatti, A. S. Goldman, Chem. Rev. 2017, 117, 12357-12384; b) V. Arun, S. De Sarkar,
Curr. Org. Chem. 2019, 23, 1005-1018; ¢) J. M. Venegas, W. P. McDermott, L. Hermans, Acc. Chem.
Res. 2018, 51, 2556-2564. d) S. Hati, U. Holzgrabe, S. Sen, Belstein J. Org. Chem. 2017, 13, 1670-1692;
e) J. J. H. B. Sattler, J. Ruiz-Martinez, E. Santillan-Jimenez, B. M. Weckhuysen, Chem. Rev. 2014,
114, 10613-10653; f) C. Gunanathan, D. Milstein, Science 2013, 341, 249-260; g) J. Choi, A. H. R.
MacArthur, M. Brookhart, A. S. Goldman, Chem. Rev. 2011, 111, 1761-1779.

[5] a) A. Toshimitsu, H. Owada, S. Uemura, M. Okano, Tetrahedron Lett. 1982, 23, 2105-2108; b) T.
Mukaiyama, M. Ohshima, T. Nakatsuka, Chem. Lett. 1983, 12, 1207-1210; ¢) Y. Shvo, A. H. 1. Arisha,
J. Org. Chem. 1998, 63, 5640-5642; d) K. C. Nicolaou, T. Montagnon, P. S. Baran, Angew. Chem. Int.
Ed. 2002, 41, 1386—-1389; Angew. Chem. 2002, 114, 1444—1447; e) K. C. Nicolaou, T. Montagnon, P. S.
Baran, Angew. Chem. Int. Ed. 2002, 41, 993-996; Angew. Chem. 2002, 114, 1035-1038; f) J. Liu, J. Zhu,
H. Jiang, W. Wang, J. Li, Chem. Asian J. 2009, 4, 1712-1716; g) J. Zhu, J. Liu, R. Ma, H. Xie, J. Li, H.
Jiang, W. Wang, Adv. Synth. Catal. 2009, 351, 1229-1232; h) T. Diao, T. J. Wadzinski, S. S. Stahl, Chem.
Sci. 2012, 3, 887-891; i) W. Gao, Z. He, Y. Qian, J. Zhao, Y. Huang, Chem. Sci. 2012, 3, 883-886; j)
M.-M. Wang, X.-S. Ning, J.-P. Qu, Y.-B. Kang, ACS Catal. 2017, 7, 4000—-4003; k) G.-F. Pan, X.-Q. Zhu,
R.-L. Guo, Y.-R. Gao, Y.-Q. Wang, Adv. Synth. Catal. 2018, 360, 4774—-4783.



122

(6]

(7]

(8]

(9]
(10]
(11]
[12]
(13]
(14]
[15]

(16]
(17]
(18]
[19]
(20]
(21]
(22]
(23]
[24]
(25]
(26]
(27]

Chemistry of Dehydrogenation Reactions and Its Applications

a) J. Carretto, M. Simalty, Tetrahedron Lett. 1973, 14, 3445-3448; b) D. H. R. Barton, D. J. Lester, S. V.
Ley, J. Chem. Soc. Chem. Commun. 1978, 130-131; c) D. H. R. Barton, J. W. Morzycki, W. B. Motherwell,
S. V. Ley, J. Chem. Soc. Chem. Commun. 1981, 1044-1045; d) S.-I. Murahashi, T. Tsumiyama, Y.
Mitsue, Chem. Lett. 1984, 13, 1419-1422; e) S.-1. Murahashi, Y. Mitsue, T. Tsumiyama, Bull. Chem. Soc.
Jpn. 1987, 60, 3285-3290; ) A. Martin, M.-P. Jouannetaud, J.-C. Jacquesy, Tetrahedron Lett. 1996, 37,
7731-7734; g) T. Diao, S. S. Stahl, J. Am. Chem. Soc. 2011, 133, 14566-14569; h) Y. Izawa, D. Pun, S.
S. Stahl, Science 2011, 333, 209-213; i) M. Schittmayer, A. Glieder, M. K. Uhl, A. Winkler, S. Zach, J.
H. Schrittwieser, W. Kroutil, P. Macheroux, K. Gruber, S. Kambourakis, J. D. Rozzell, M. Winkler, Adv.
Synth. Catal. 2011, 353, 268-274; j) T. A. Hamlin, C. B. Kelly, N. E. Leadbeater, Eur. J. Org. Chem.
2013, 3658-3661; k) Y. Chen, D. Huang, Y. Zhao, T. R. Newhouse, Angew. Chem. Int. Ed. 2017, 56,
8258-8262; Angew. Chem. 2017, 129, 8370-8374; 1) M. Chen, G. Dong, Angew. Chem. Int. Ed. 2021, 60,
7956-7961; Angew. Chem. 2021, 133, 8035-8040.

a) J.-1. Matsuo, Y. Aizawa, Tetrahedron Lett. 2005, 46, 407-410; b) Y. Chen, J. P. Romaire, T. R.
Newhouse, J. Am. Chem. Soc. 2015, 137, 5875-5878; ¢) S. M. Szewczyk, Y. Zhao, H. A. Sakai, P. Dube,
T. R. Newhouse, Tetrahedron 2018, 74, 3293-3300.

Y. Chen, A. Turlik, T. R. Newhouse, J. Am. Chem. Soc. 2016, 138, 1166-1169.

K. B. Sharpless, R. F. Lauer, A. Y. Teranishi, J. Am. Chem. Soc. 1973, 95, 6137-6139.

H. J. Reich, L. L. Reich, J. M. Renga, J. Am. Chem. Soc. 1973, 95, 5813-5815.

B. M. Trost, T. N. Salzmann, K. Hiroi, J. Am. Chem. Soc. 1976, 98, 4887—-4902.

T. Mukaiyama, J. -1. Matsuo, H. Kitagawa, Chem. Lett. 2000, 29, 1250-1251.

K. C. Nicolaou, Y. L. Zhong, P. S. Baran, J. Am. Chem. Soc. 2000, 122, 7596-7597.

M. Hayashi, M. Shibuya, Y. Iwabuchi, Org. Lett. 2012, 14, 154-157.

S. Gnaim, Y. Takahira, H. R. Wilke, Z. Yao, J. Li, D. Delbrayelle, P.-G. Echeverria, J. C. Vantourout, P.
S. Baran, Nat. Chem. 2021, 13, 367-372.

R. J. Theissen, J. Org. Chem. 1971, 36, 752-757.

Y. Ito, T. Hirao, T. Saegusa, J. Org. Chem. 1978, 43, 1011-1013.

J.-Q. Yu, H.-C. Wu, E. J. Corey, Org. Lett. 2005, 7, 1415-1417.

T. Diao, S. S. Stahl, J. Am. Chem. Soc. 2011, 133, 14566-14569.

M. Chen, G. Dong, J. Am. Chem. Soc. 2017, 139, 7757-7760.

S. Gnaim, J. C. Vantourout, F. Serpier, P--G. Echeverria, P. S. Baran, ACS Catal. 2021, 11, 883-892.

G. Cainelli, G. Cardillo, A. U. Ronchi, J. Chem. Soc. Chem. Commun. 1973, 3, 94-95.

M. McEntee, W. Tang, M. Neurock, J. T. Yates, Jr, J. Am. Chem. Soc. 2014, 136, 5116-5120.

Y. Zhao, Y. Chen, T. R. Newhouse, Angew. Chem. Int. Ed. 2017, 129, 13302-13305.

Z. Wang, L. Hu, N. Chekshin, Z. Zhuang, S. Qian, J. X. Qiao, J. -Q. Yu, Science 2021, 374, 1281-1285.
A. Shibatani, Y. Kataoka, Y. Ura, Asian J. Org. Chem. 2021, 10, 3285-3289.

a) M. M. Konnick, S. S. Stahl, J. Am. Chem. Soc. 2008, 130, 5753-5762; b) B. V. Popp, S. S. Stahl, Chem.
Eur. J. 2009, 15,2915-2922.



8 Dehydrogenation Reactions
of Heterocyclic Compounds
and Their Derivatives

Prakash Chandra and Syed Shahabuddin

8.1 INTRODUCTION

Heterocyclic compounds are an important component of the diversity of pharmaceuticals, fine
chemicals, materials chemistry and natural products [1-5]. As a consequence of this diversity,
chemical routes and materials have been exploited for the economical and facile synthesis of these
heterocyclic compounds. In the recent past, multifarious pioneering synthetic protocols were devel-
oped to synthesize a variety of heterocyclic compounds [6]. However, these synthetic protocols are
limited by the usage of high-cost materials, the liberation of hazardous chemicals into the environ-
ment, a mundane multistep synthesis process and harsh functional group protection/deprotection
processes [7, 8]. Application of these methodologies to synthesize complicated organic molecules
with sensitive functional groups further complicates the efficiency and yield for the desired hetero-
cyclic compounds [9, 10].

These shortcomings have resulted in the development of more economical, environmen-
tally benign and cost-efficient methods for the synthesis of a variety of heterocyclic compounds.
Acceptorless dehydrogenation (AD) involves application of economical and easily available starting
materials such as alcohols, carbonyl compounds (aldehydes/ketones), amines, etc. and has been
explored for the synthesis of a diversity of heterocyclic compounds [11, 12]. In most cases, alcohols
are important precursors to synthesize heterocyclic compounds via AD reactions. Moreover, there
are manifold advantages of using the AD of alcohols for the synthesis of heterocyclic compounds,
for example, (a) the generated hydrogen and water molecules are the only by-products of the reac-
tion, and (b) hydrogen as the important by-product can be used for future clean energy storage
molecules [13]. Transition metal (TM)-based catalysts have been studied for the AD reaction, and
a one-pot atom-economical and benign technique has emerged to synthesize valuable heterocyclic
compounds and hydrogen generation [14]. Recently, a TM-catalyzed AD reaction was recently used
as an efficient technique for the C-X (X = O, S, N) bond-forming reaction, and multiple papers
are published every year based on this topic [15, 16]. A diversity of homogeneous and heteroge-
neous TM catalysts have been investigated for the synthesis of a variety of heterocyclic compounds.
However, to make the process more atom-economical and eco-friendly, heterogeneous TM cata-
lysts have been examined to synthesize this variety of substituted heterocyclic compounds, namely,
indoles, pyrazine, pyrrole, quinoline, benzaimidazole, pyrimidine, benzofuran, pyrrolidine, piperi-
dine, morpholine, benzodiazepine, quinoxaline, quinazolinones, 2-alkylaminoquinolines, etc. [17].

8.2 TRANSITION METAL-CATALYZED SYNTHESIS
OF HETEROCYCLIC COMPOUNDS

Heterogeneous TM catalysts have been investigated to synthesize a diversity of heterocyclic com-
pounds. This section provides brief insight into the synthesis of many heterocyclic compounds
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such as oxygen-containing heterocyclic compounds (lactones, benzofurans and chromones) and
nitrogen-containing heterocyclic compounds (indoles, benzimidazoles, quinazolinones and pyr-
roles) [17].

8.2.1 SyNTHESIS OF LACTONES BY HETEROGENEOUS TM CATALYSTS

Heterogeneous TM catalysts have been used to synthesize a diversity of substituted lactones.
Lactones are important building blocks, intermediates and solvents used for organic transforma-
tions. The mechanism for the heterogeneous TM-catalyzed lactones synthesis involves Brgnsted
acid-mediated esterification via the dehydrogenation of a-hydroxyl-substituted carboxylic acid.
Alternative techniques for the synthesis of lactones involve reactions of epoxides/alcohols with car-
bon monoxide or reactions of allenols/butadiene with carbon monoxide. Ruthenium-based homoge-
neous catalysts have been developed to synthesize lactones via the lactonization of 1, 4-butanediol.
Copper catalyst supported over hydrotalcite effectively promotes the lactonization of diols through
the AD mechanism. Catalytic material efficiently promotes the dehydrogenation of a variety of
liner, cyclic and aromatic diols. 0.01 mmol Pt/SnO2 was used as the heterogeneous and recycla-
ble catalyst for the dehydrogenative lactonization of 1,2-diols at 180 °C under inert atmosphere.
Many liner, benzylic and branched aliphatic alcohols were transformed into cyclic lactones with
good yields (60-90% yield). Both the reactants (1,6-hexandiol is produced by the hydrogenation
of bioderived 5-hydroxymethyl-2-furfural or furfural) and products are important and fulfil the
criteria for the biorefinery concept. The aforementioned catalyst effectively promoted the dehydro-
genative lactonization of 1,6-hexanediol to form valorized e-caprolactone (the transformation of
e-caprolactone into e-caprolactam) (see Figure 8.1) [18, 19]. Pt/TiO2 was used as the photocatalyst
for the dehydrogenation of diols to lactones by Yoshida and co-workers. In the catalytic system,
rutile demonstrates superior catalytic performance compared to anatase titania [20].

8.2.2 BENzOFURANS AND CHROMONES FROM ORTHO-SUBSTITUTED PHENOLS

Heterogeneous TM catalysts have been explored for oxygen-containing heterocycles such as benzo-
furans and chromones via the AD of ortho-substituted phenols. The oxygen-containing heterocycles
are valuable ingredients of a diversity of pharmaceutical compounds. Benzofuran is the key com-
ponent of a variety of natural products and pharmaceutical compounds. A facile route to synthesize
benzofurans involves intramolecular C-O bond formation via coupling the phenolic —~OH group
with the vinyl carbon ortho-substituted alkenyl moiety. 2,3-dichloro-5,6-dicyano-p-benzoquinone
(DDQ)-based sacrificial hydrogen acceptors were previously investigated for the synthesis of the
substituted benzofurans, which frequently results in the generation of undesired by-products [21].
Recently, the AD technique was used to synthesize in a green and economical way many substi-
tuted benzofurans by the intramolecular C-O bond formation of o-alkylated phenols without the
application of an oxidant or sacrificial agents. A diversity of electron-deficient and electron-rich aro-
matic rings of o-alkylated phenols undergo intermolecular coupling to form a furan ring. Pd-based
homogeneous catalysts have been studied for the dehydrogenative synthesis of benzofurans [22].
Pd nanoparticles dispersed over carbonaceous support (Pd/C) efficiently catalyzed dehydrogenative
benzofuran synthesis via a C-O bond-forming reaction without using sacrificial oxidants or dehy-
drogenating reagents [23]. Moreover, the catalytic system promotes electron-rich and electron-poor
phenols efficiently to undergo dehydrogenative coupling to form a variety of corresponding furans
(Figure 8.2) [24].

Moreover, Pd/C catalyst has been investigated for the synthesis of many chromones through the
AD of ortho-acyl phenols via AD reaction without involving any oxidants or hydrogen acceptors.
The AD proceeds with hydrogen elimination from the ortho-acyl side chain and substitution with
phenolic hydroxyl oxygen to form a six-membered heterocyclic flavonoid ring via dehydrogenation
(Figure 8.3) [25]. Interestingly, substituents present in the a-position slightly affect the fate of the
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FIGURE 8.1 Pt/SnO2 effectively promoted the acceptorless dehydrogenative lactonization of diols.

catalytic reaction. The presence of the B-aryl and benzyl groups assist in the generation of chro-
mones with high yields, whereas the absence of such substituents is responsible for lower yields
(50-59% yield).

8.2.3 NITROGEN-CONTAINING HETEROCYCLES BY HETEROGENEOUS TM CATALYSTS

Heterogeneous TM catalysts have been examined as a green, atom-efficient and economical
route to synthesize nitrogen-containing heterocycles, which are important components of the
diversity of organic material such as indoles, benzimidazoles, quinazolinones and pyrroles.
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Nitrogen-containing heterocycles are essential ingredients occurring in a variety of biological sys-
tems and processes.

8.2.4 INDOLES, BENZIMIDAZOLES, QUINAZOLINONES AND PYRROLES

Indoles are important organic compounds that occur in a wide variety of natural products, fine
chemicals, pharmaceuticals, agrochemicals and functional materials. Dehydrogenative/oxidative
cyclization 2-(2-aminophenyl) ethanol is one of the most promising ways to synthesize many substi-
tuted indoles, which are particularly significant. Ru loaded over metal oxide catalysts such as CeO2
and ZrO2 effectively promoted intramolecular dehydrogenation of substituted 2-(2-aminophenyl)
ethanol to form substituted indoles. Other supports such as A1203, TiO2 and MgO were less effec-
tive in promoting this reaction. Amongst multifarious catalysts, Ru/CeO2 prepared by calcination at
200 °C outperformed other catalysts with > 99% yield for substituted indoles at 140 °C. Interestingly,
the catalyst was recycled with reproducible results. The most plausible precursor active sites respon-
sible for the interaction among Ru'¥ = O, CeO2 and ZrO2 assisted the dehydrogenative cyclization
of substituted 2-(2-aminophenyl) ethanol to corresponding substituted indoles (Figure 8.4) [26].
Uniformly dispersed Pt nanoparticles over solid acid supports such as Nb20O5 or H-beta for Pt/
Nb205 or Pt/H-beta were used to synthesize 2-(2-aminophenyl) ethanol with 76% and 90% yield,
respectively. However, Pt/Nb20O5 presents superior catalytic performance compared to the Pt/H-
beta for the recycle studies.

Multifarious five-membered heterocyclic ring systems, namely, benzothiazoles, benzimidazoles
and benzoxazoles, are useful components and building blocks occurring in a diversity of phar-
maceuticals, natural products and agrochemicals. The conventional technique for the synthesis
of 2-substituted benzazoles involves the condensation of aldehydes such as 2-aminophenols and
2-aminothiophenols or 1,2-phenelynediamines followed by oxidation with strong oxidizing agents.
AD provides an interesting alternative to synthesize heterocyclic compounds via the dehydrogena-
tion of alcohols; it is also a greener option for the synthesis of heterocyclic compounds. Ir/TiO2
was used as the catalyst for the dehydrogenative synthesis of benzimidazole via the condensation
of 1,2-phenelynediamines and a variety of primary alcohols. Many substituted 1,2-phenylenedi-
amine and primary alcohols were converted into the corresponding substituted benzimidazoles
with moderate to good yield. Additionally, the catalyst was recycled multiple times without any
significant dip in catalysis. Pt/TiO2 was used as the photocatalytic dehydrogenative condensation
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FIGURE 8.4 Synthesis of indole from 2-(2-aminophenyl)ethanol using a Ru/CeO2 catalyst.
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under photoirradiation (A > 300 nm). The method affords the synthesis of a diversity of substituted
benzimidazole syntheses from a variety of 1,2-phenelynediamines and many primary and benzylic
alcohols (Figure 8.5) [27]. 2-Substituted benzothiazoles are synthesized with high yields using Pt/
AI203 under reflux conditions with mesitylene as a solvent at 140 °C via the dehydrogenative cou-
pling of 2-aminothiophenols with 1-octanol (Figure 8.6) [28].

Quinazolinone is a principal component that occurs in many drugs, pharmaceuticals and bio-
logical compounds. Quinazolinone is prepared by the condensation of o-aminobenzamides and
aldehydes via the formation of aminal intermediates and the application of hazardous oxidants.
Homogeneous iridium complex [Cp*IrCI2]2 promotes the dehydrogenative condensation of pri-
mary alcohols and o-aminobenzamides to form quinazolinones under oxidant-free conditions.
Heterogeneous TM catalysts have also been investigated for the economical and sustainable
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FIGURE 8.5 Synthesis of 2-substituted benzimidazoles from 1,2-phenylenediamine and primary alcohols
using an Ir/TiO2 catalyst.
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FIGURE 8.6 Synthesis of 2-substituted benzothiazoles from 2-aminothiophenol with alcohols or aldehydes
using a Pt/A1203 catalyst.
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synthesis of quinazolinone. A variety of Pt nanoparticles loaded over metal oxide (A1203, MgO,
Ce02, Zr02, TiO2, Sn02, SiO2, Y203, Nb205, Si02-A1203, H-ZSM-5 and H-beta zeolites) and
carbonaceous supports were used as the heterogeneous and recyclable catalyst to synthesize dehy-
drogenative quinazolinones with good yields. Amongst various catalytic systems, H-beta outper-
formed the rest. Substituted benzyl alcohols (both electron-donating and electron-withdrawing),
cyclohexyl methanol and linear aliphatic alcohols were efficiently transformed into the correspond-
ing substituted quinazolinones with good yields. The turnover number (TON) of heterogeneous
catalysts was 20 times higher than the corresponding homogeneous catalysts. Water and hydrogen
are the by-products of the catalytic reactions.

2-quinazolines are important pharmaceutical ingredients occurring in many biologically active
compounds. The AD technique has been exploited for the synthesis of 2-quinazolines via hydrogen
auto-transfer reaction. Heterogeneous TM catalysts have been synthesized through the dehydroge-
native reaction of diamines and alcohols. Pt/CeQO2 efficiently catalyzed 2-quinazoline synthesis by
the reaction of primary alcohols and 2-aminomethyl-phenylamine. Interestingly, aliphatic primary
alcohols are more easily converted into the corresponding quinazolines than benzyl alcohols (Figure
8.7) [28, 29]. Mechanistic studies demonstrate that the AD of alcohols transforms into aldehydes
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FIGURE 8.7 Synthesis of quinazolinones from o-aminobenzamide and primary alcohols using a Pt/H-beta
catalyst.
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followed by dehydrogenative condensation in the presence of 2-aminomethyl-phenylamine to form
2-quinazolines derivatives. Experimental analysis performed using XPS spectroscopy clearly dem-
onstrates that an increase in the electron density Ols sites of metal oxide support decreases the bind-
ing energy and basicity of the materials. Ols basic sites with low binding energies are predominant
active sites for the dehydrogenative 2-quinazolines synthesis.

Pyrrole rings are an important component that occur in a diversity of pharmaceuticals and fine
chemicals. Homogeneous Ir and Ru complexes in the presence of bases such as KO-t-Bu have been
studied to synthesize a variety of substituted pyrroles with moderate to good yields. However, these
homogeneous catalysts suffer from poor recyclability and longevity of the catalytic materials. Ir@
SiCN-based heterogeneous catalyst was used for the AD synthesis of pyrroles from 1,2-aminoal-
cohols and secondary alcohols in the presence of KO-t-Bu as the base. Pt nanoparticles supported
over the carbonaceous support in the presence of KO-t-Bu have been investigated for the synthe-
sis of many pyrroles. The catalytic materials prepared by the facile impregnation method present
a high TON and were used for multiple cycles with reproducible results. The catalytic materials
were active for different types of alcohols, namely, primary, secondary, cyclic and acyclic alcohols.
Moreover, the catalytic materials were also active for a variety of amino-alcohols such as 2-amino-
3-methyl-1-butanol, R-(-)-2-aminomehyl-1-butanol and (S)-(+)-2-amino-2-phenylethanol in cor-
roboration with many secondary alcohols with moderate to good yields. A plausible mechanism
for the dehydrogenation of alcohols involves the dehydrogenation of secondary alcohols to produce
secondary alcohols to form ketones and subsequent condensation with 1,2-aminoalcohol to form
imine intermediate. In the following step, the base-catalyzed condensation results in the formation
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FIGURE 8.8 Synthesis of 2-substituted quinazolines from 2-aminobenzylamine and primary alcohols using
a Pt/CeQO2 catalyst.
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of 2,5-disubstituted pyrrole. In the reaction, KO-t-Bu promotes the dehydrogenation and deproton-
ation of the —OH group (Figure 8.9) [30].

8.3 SUMMARY AND OUTLOOK

N-heterocyclic compounds are noteworthy organic compounds because of their incredible per-
tinence to numerous arenas that encompass industry and pharmacological medicine. In recent
decades, the AD approach has emerged as the necessary technique to manufacture uncomplicated
and complicated organic compounds from readily available and low-cost organic compounds. The
present chapter summarizes the application of TM-based heterogeneous catalysts to synthesize het-
erocyclic compounds through an AD reaction. A wide array of heterogeneous TM catalysts have
been explored for the synthesis of these heterocyclic compounds via the coupling of simple organic
molecules such as alcohols with nitro/nitrile/amine-derivatives involving a tandem and one-step
process and avoiding the tedious purification process. Moreover, the outcome of the catalytic pro-
cess has been ameliorated by modulating the catalyst synthesis procedure and understanding the
reaction mechanism.

Despite incredible progress in the field, some challenges still need to be addressed. One of the
important constraints is the development of a competent enantioselective heterogeneous catalyst
to synthesize the methods for the highly in-demand enantiomeric heterocyclic compound relevant
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FIGURE 8.9 Synthesis of 2,5-disubstituted pyrroles from 1,2-aminoalcohols and secondary alcohols using
a Pt/C catalyst.
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to the pharmaceutical industry. Compared to the other contemporaneous routes available for the
synthesis of enantiomeric heterocyclic compounds. Their synthesis via the application of heteroge-
neous TM catalysts has been less explored to date. Normally, acceptorless dehydrogenation coupling
(ADC) reactions are performed at high temperature and involve stoichiometric reagents. However,
asymmetric reactions desire milder reaction conditions to obtain products possessing high chirality.
Thus, a cautious chiral catalyst fabrication technique is highly desirable to synthesize highly enan-
tioselective and pure heterocycle. Moreover, noble metal-based homogeneous and heterogeneous
catalysts have been widely investigated for the synthesis of these heterocyclic compounds. However,
investigations of earth-abundant heterogeneous catalysts belonging to the 3d-TM series that can
give competent results to those of noble metal catalysts are highly desirable.
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9 Recent Advances in
Dehydrogenative Technique
for Hydrogen Energy
Storage and Ultilization

Prakash Chandra and Syed Shahabuddin

9.1 INTRODUCTION

Fossil fuels are the primary non-renewable resources of energy and are limited and depleting fast
at the current rate of consumption.'** Moreover, these fossil fuel-based fuel sources are primarily
responsible for global climatic change. If this scenario continues, then the end of the fossil fuel-
based energy era may end sooner.> Governing bodies globally are busy implementing new poli-
cies for the reduction dependency on non-fossil fuel-based resources and for fostering renewable
resources to fulfil the energy demands of humanity.6 It is estimated that renewable energy resources
such as wind, tidal, hydropower and solar energy will supply 18% of total energy by 2035.

Despite recent developments in renewable energy resources, fossil fuel-based energy resources
are still in demand because renewable energy resources (wind and solar energies) are unstable and
fluctuate. Therefore, energy storage systems are necessary to balance the fluctuations. There are
well-known energy storage systems including kinetic (flywheel),” magnetic (superconducting mag-
nets),® thermochemical (molten salts),’ electrochemical (fuel cells, batteries and supercapacitors)!-!!
and chemical (hydrogen, metal hydrides, metal organic frameworks, etc.).>'* However, most of
these energy storage systems present either poor life cycles or shelf life or mediocre energy storage
densities.

Hydrogen is currently regarded as the clean and renewable energy resource for the fuel cells for
stationary/mobile and greenhouse-free portable power applications.'>!'¢ Hydrogen generation tech-
nologies are intensively investigated, and diverse sources for hydrogen generation such as reform-
ing fossil fuels, biological routes and decomposition of water are very mature.'”?! However, all of
these hydrogen generation techniques are high energy processes and require expensive catalysts;
therefore, these hydrogen storage techniques are imperiling widespread application of hydrogen as
a future fuel.?> Other major shortcomings hampering widespread application of hydrogen energy
storage are the low energy density of hydrogen molecules (0.08988 g/L at 1 atm) and unavailability
of suitable hydrogen carriers.?>?* The low specific density of hydrogen makes the hydrogen storage
process a formidable task. Other obstacles and threats associated with traditional hydrogen stor-
age are transportation challenges, boil-off challenges and high hydrogen losses and high cost.?
To counter these shortcomings, the scientific community is exploring more economical and robust
methods for hydrogen storage.

The characteristic feature for hydrogen storage materials is the surplus supply of hydrogen energy
at a bargain basement price (40 g/L and 5.5 wt.% hydrogen, as recommended by the US department of
energy). Chemical hydrogen storage in the form of inorganic hydrides are potential future candidates
for energy storage.?°-?’ The shortcomings can be overcome through the hydrolysis of metals or their
hydrides, which has recently emerged as the economical, facile operation conditions and high hydrogen
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yielding alternatives for the hydrolysis of metal or their hydrides under simple operating conditions.
The serious limitations can be overcome by using potent hydrogen storage materials such as inorganic
hydrides, metal organic frameworks (MOFs), liquid organic hydrogen carriers (LOHCs), etc.28-30

To counter the shortcomings, LOHCs have recently emerged as interesting materials for the
economical and facile transportation of hydrogen.3-33 In the present chapter, we discuss the sig-
nificance of LOHCs as important hydrogen storage materials of the future.>*3% An LOHC system
is composed of one pair of organic components, that is, hydrogen lean (LOHC-) and hydrogen
rich (LOHC+) components. LOHCs involve a hydrogenation-dehydrogenation cycle where hydro-
gen is stored via the catalytic hydrogenation of (LOHC-) to (LOHC+) in the hydrogenation cycle
and (LOHC+) to (LOHC-) in the dehydrogenation cycle. LOHC+ compounds are stable and store
hydrogen for very time without getting discharged. This tendency of LOHC molecules facilitates
prolonged hydrogen storage and transportation of hydrogen to remote areas at minimum risk. To
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date, the various organic moieties investigated for dehydrogenation/hydrogenation are benzene/
cyclohexane, naphthalene/decalin, toluene/methylcyclohexane, N-ethyl carbazole/perhydro-N-ethyl
carbazole, etc.3’-# In the present chapter, we address the latest developments in green and renewable
LOHC technologies, including important scrutinized LOHC catalysts and support materials and
their efficiencies, for hydrogen energy storage and transportation.

9.2 IMPORTANT PROPERTIES OF LOHC

Hydrogen released during the dehydrogenation process is in a very pure state and is highly active
and selective catalytic material that can generate very pure hydrogen. Moreover, the catalyst must
avoid side reactions, namely, carbon-carbon or carbon-heteroatom bond forming cleavage, that ulti-
mately deform the LOHC. Some organic molecules are stable and very susceptible to the dehydro-
genation/hydrogenation process.

The salient feature of LOHC is to become the future fuel that succeeds contemporaneous fossil
fuel-based non-renewable fuel resources.?-333346-49 Several important features of LOHCs that pos-
sess favourable thermodynamics are discussed as follows:

* LOHC:s are generally liquids, low-boiling solids or high boiling liquids capable of catalyst-
promoted reversible hydrogenation/dehydrogenation at high temperature.

* Moreover, during the catalytic reversible dehydrogenation/hydrogenation process, the
structure of the LOHC remains intact.

* LOHCs must possess high hydrogen storage capacity.

* Bicyclic and polycyclic heteroarenes are highly favourable structural motives for energy
storage because these molecules have low aromaticity.

* Five-membered heterocyclic compounds are more favourable than other cyclic structures.

* The heterocyclic compounds possessing NH/NR moiety at 1-position are highly favour-
able candidates for dehydrogenation.

* N-H bonds are weaker than C-H bonds; therefore, C-H bonds adjacent to N-H bonds are
weaker than other C-H bonds in the heterocyclic structure. These features favour hydroge-
nation and dehydrogenation processes.

* Steric hinderance around the N-H bond favours dehydrogenation.

* Increasing the number of rings favours dehydrogenation enthalpy, but molecules possessing
large polyaromatic rings are solids, which hampers their application as fuel. For example,
the dehydrogenation temperature of benzene is 300-350 °C, that for naphthalene (fused aro-
matic rings) is 250-300 °C and that for nitrogen containing an aromatic ring is 50-200 °C.

* Alkyl-substituted and five-membered cyclic compounds favour dehydrogenation more
than six-membered rings.

* LOHCs must possess a low heat of hydrogen desorption (42-54 kJ/mol-H,) and a low
dehydrogenation temperature.

* LOHCs must be compatible with present-day infrastructure.

* LOHCs must be economical and have a low production cost and facile technical access.

* LOHCs must have low toxicity and eco-toxicity during the transportation process.

In the following section, we discuss various LOHC systems and the catalytic systems that promote
efficient and selective dehydrogenation/hydrogenation systems.

9.3 MONO- AND POLYAROMATIC SYSTEMS FOR LOHC APPLICATIONS

9.3.1 BENZENE-CYCLOHEXANE SYSTEM

LOHC is formed by the hydrogenation of benzene and the dehydrogenation of cyclohexane. Cyclohexane
has a hydrogen storage capacity of ~7.19 wt.% and is liquid under ambient conditions. However, a
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low boiling point and high volatility make cyclohexane more volatile. Benzene, the dehydrogena-
tion product of cyclohexene, is highly toxic. Despite these shortcomings, a benzene/cyclohexane
system has often been examined as an LOHC. Different heterogeneous transition metal catalysts
have been explored for LOHC systems. Ni-Pt-based bimetallic catalyst supported over activated
carbon catalysts (ACCs) effectively promotes LOHC dehydrogenation with 99.7% selectivity for
hydrogen. The reaction was performed using a spray-pulsed reactor at 300 °C. 10 wt.% Ag/ACC
in corroboration with a noble metal catalyst (1 wt.% Rh, Pt, Pd) improves the hydrogen generation
performance.30-5

Xia and co-workers promoted cyclohexane dehydrogenation Ni-Cu/SiO, (17.3 mol% Ni and 3.6
mol.% Cu). The reaction was performed using a plug flow reactor at 250 °C with 95% cyclohexane
conversion, 99.4% selectivity for benzene and a hydrogen production rate (HPR) of 54 mmol/h/
2..- The catalytic performance was improved using Ni-Cu/SBA-15 (4.9 wt.% Ni, 3.5 wt.% Cu) with
99.7% cyclohexene and 99% benzene selectivity of 61 mmol/h/g . Cyclohexane dehydrogenation
was performed using 2 wt.% Pt/activated carbon (AC) and 3 wt.% Pt/Al,O; using a batch type reac-
tor at 300 °C with HPRs of 910 mmol/h/g_, and 1,800 mmol/h/g,,, respectively.5>-5

9.3.2 TOLUENE-METHYLCYCLOHEXANE SYSTEM

A toluene-methylcyclohexane system has been investigated for dehydrogenative hydrogen gener-
ation. Nickel nanoparticles dispersed over Al,O; or Al,0,-TiO, were studied for hydrogen gen-
eration. Experimental investigations demonstrated that Ni/Al,O,-TiO, exhibited (99%) superior
methylcyclohexane conversion compared to Ni/Al,O; (16.5%). Diverse inorganic supports such as
La,0;, TiO,, ZrO,, Ce0,, Fe,0;, Al,0;, MnO, and perovskites (La, ;Y ;NiO;) have been examined
for methylcyclohexane dehydrogenation. Pt/La, ;Y ;NiO; exhibited complete methylcyclohexane
conversion and an HPR of 45 mmol/g,,./min using a spray pulse reactor at 350 °C. Zhang et al.
studied 1 wt.% platinum nanoparticles dispersed over material generated by pyrolysis from tyre
char that was used as the catalyst, which exhibited > 95% methylcyclohexane conversion and 100%
toluene selectivity using a fixed-bed reactor at 300 °C and an HPR of 342 mmol/g,,./min. Highly
dispersed Pt nanoparticles uniformly dispersed over the MoO, phase (Pt/Mo(x)-SiO, (x = 8 wt.%
and Pt = 5 wt.%), which was used as the efficient catalyst for the > 80% selectivity for toluene. The
reaction was performed using a down flow-fixed bed reactor at 400 °C and 2.2 MPa. Pt/Y,0O; that
demonstrated a 98% yield because Y,0; itself is good catalytic material for the dehydrogenation
of methylcyclohexane. Gora and team researched a Pd membrane reactor for methylcyclohexane
dehydration at 225 °C using a 1 wt.% Pt/Al,O; catalyst. The 1 wt.% Pt/Al,O; catalyst in corrobora-
tion with the membrane reactor exhibited more than 70% methylcyclohexane conversion. 1 wt.%
Pt uniformly dispersed over stacked-cone carbon nanotubes (1 wt.% Pt SC-CNT and 0.25 wt.% Pt
SC-CNT) gave more than 90% methylcyclohexane conversion with 100% selectivity of toluene.
Moreover, these results are similar to those of 1 wt.% Pt/Al,O, catalysts. These results clearly
demonstrate that catalytic performance can be manipulated by varying the mixture of supports and
textual properties of the catalytic material. Bimetallic catalytic materials outperform monometallic
catalysts by modifying the stochiometric ratio of the bimetallic system. Amongst various cata-
lytic systems examined, carbon-based materials exhibit superior catalytic performance compared
to other inorganic supports.’5-64

9.3.3 DECALIN-NAPHTHALENE SYSTEM

Decalin molecules exhibit a 7.3 wt.% hydrogen storage capacity. But the high melting point of
hydrogen lean naphthalene complicates the application of LOHC to hydrogen storage. Moreover,
naphthalene is solid under ambient conditions, and the dehydrogenation of decalin is an irreversible
process. Therefore, decalin can only be used once, and a new batch of decalin is required for each
cycle. These shortcomings hamper the widespread application of decalin as a LOHC fuel. Despite
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TABLE 9.1

Comparison of Catalytic Performance of Various Catalysts.

Entry Catalyst Reactor  Reaction Results Ref.
condition

Cyclohexane

1 10 wt% Pt/CFF-1500S SPR 330 °C P =0.51 mol/gPt/min, FH2 = 55 mmol/min 65
2 3 g/m2 Pt/AI203 SPR 350 °C P = 3.8 mol/gPt/min, FH2 = 89 mmol/min 65
3 20 wt% Ni/ACC SPR 300 °C P = 8.5 mmol/gcat/min 66
4 10 wt% Ag/ACC + 1 wt% Pt~ SPR 300 °C P = 14.2 mmol/gmet/mi 67
5 2 wt% Pt/AC BR 300 °C P =910 mmol/gmet/min 68
Methylcyclohexane
1 Ni/A1203 - 127 °C XMCH = 16.5% 69
2 1 wt% Pt/La0.7Y0.3NiO3 SPR 350 °C P =45.76 mmol/gmet/min 70
3 Pt/V205 SPR 350 °C - 70
4 5 wt% Pt/8 wt% Mo-Si02 FBR 400 °C - 71
5 1 wt% Pt/Al MR 225°C dod =70% 72
6 1 wt% Pt/SC-CNT FBR 315°C dod =90% 73

these shortcomings, sincere efforts have been examined for the development of efficient meth-
odologies for LOHC hydrogen storage. A diversity of catalytic materials have been investigated,
and fused ring systems have also been studied for decalin/naphthalene to be used as an LOHC.
Suttisawat and group examined 1 wt.% Pt decorated on AC for electrical- and microwave-assisted
decalin conversion to naphthalene. Experimental studies demonstrate that when the contact time
during the reaction was 260 min, there was low decalin conversion during both electrical- (10%
decalin conversion) and microwave-assisted (13% decalin conversion) conversion. However, when
the contact time during the reaction was low (30 min), an 85% decalin conversion was observed.
The decrease in the catalytic performance when the reaction was performed with a high contact
time was due to the sintering Pt at high temperature. The problem of sintering was overcome by
using Sn as a promoter in the catalyst. The addition of Sn promoted a 74% decalin conversion and
90% naphthalene selectivity. In the catalytic system, Sn assists the electronic modification of Pt
by donating electrons to the holes present in the 5d band of the Pt. Because of the Pt-electronic
modification, C-C bond cleavage does not occur over the catalyst surface. This process assists in
the reduction of carbon deposition over the catalyst surface and enhances adsorption/desorption of
reactants and products.

3 wt.% Pt/C catalysts prepared by various synthesis procedures such as ion-exchange, precipita-
tion, impregnation and polyol techniques were also investigated as efficient and smart catalysts for
decalin dehydrogenation. Amongst all of them, Pt/C prepared by the ion-exchange method presents
19.6% Pt dispersion and an HPR of 45.4 mmol/g,/min and exhibits the highest catalytic perfor-
mance and improved hydrogen production. Higher Pt-dispersion promotes hydrogen productivity.
Sebastian et al. explored the effect of Pt dispersed over different carbon supports including active
carbon, carbon nanofibers, carbon xerogel and carbon black for decalin dehydrogenation. Amongst
all of them, Pt/dispersed over mesoporous carbon atoms facilitates the initial catalytic performance
(220 mmol/gp/min) for decalin dehydrogenation. The superior catalytic performance of Pt sup-
ported over AC was due to the high surface area of the mesoporous carbon (930 m?/g). Pt nanopar-
ticles dispersed over carbon black with wide pores exhibit lower catalytic performance, prolonged
operation times and low catalytic performance (100—140 mmol/gPt/min). All experiments were
performed in a batch reactor at 260 °C.7+-"8
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9.3.4 PERHYDRODIBENZYLTOLUENE—DIBENZYLTOLUENE

Dibenzyltoluene is readily available (thousands of tons have been produced annually since 1960),
has been investigated as a heat transfer oil and finds multifarious applications in distillation col-
umns, polymerization vessels, heat exchangers, etc. Sasol supplies an isomeric mixture of diben-
zyltoluenes under the trade name Marlotherm SH. Dibenzyltoluene exhibits excellent hydrogen
storage capacities (6.2 wt.%), and perhydrodibenzyltoluene exhibits high hydrogen storage capacity
(57 kg-H,/m?) and high power density (2.06 kWh/kg). Moreover, perhydrodibenzyltoluene shows
higher volumetric hydrogen storage density than methylcyclohexane (perhydrodibenzyltoluene =
0.91 g/mL; methylcyclohexane = 0.77 g/mL). Other advantages of dibenzyltoluene are that it is low
melting (=32 °C) with a high boiling point (390 °C), non-flammable, non-toxic and is regarded as a
non-hazardous chemical. Additionally, low melting temperatures facilitate the facile separation of
hydrogen via LOHC condensation. Moreover, dibenzyltoluene/perhydrodibenzyltoluene promotes
diesel-like properties and outstanding non-toxicity, and the hydrocarbon-like structure facilitates
facile handling under available infrastructure. Hydrogen can be released using a Pt-based catalyst
at > 250 °C. Furthermore, dibenzyltoluene finds applications in stationary power sources and pos-
sesses a reaction enthalpy of 65.4 kJ/mol hydrogen. A mixture of fuel systems with dibenzyltoluene
has also been studied for LOHC application.

Mixing dibenzyltoluene with hydrogen and carbon dioxide was screened with Pd/Al,O; and
Rh/Al,O; catalysts by Jorschick and co-workers. An experimental investigation demonstrates that
the degree of hydrogenation reached 0.8 at 210 °C using Rh/Al,0; and 270 °C using Pd/ALO;.
Moreover, a CO,/CH, ratio <1 was obtained using Pd at 120 °C to 270 °C, and Rh gives similar
results in the temperature range of 120 °C to 150 °C. Other transition metal catalysts such as Pt and
Ru were not selective towards hydrogenation dibenzyltoluene in the presence of carbon dioxide.
Moreover, Pt gets poisoned in the presence of trace in-situ CO generated during carbon dioxide
hydrogenation. However, methane was produced as a major product when Ru acted as a catalyst. 1
wt.% Pt/C promotes 96% perhydrodibenzyltoluene dehydrogenation at 270 °C, whereas 0.5 wt.% Pt/
Al O, promotes 40% perhydrodibenzyltoluene dehydrogenation under identical conditions. Higher
weight loadings of Pt (5 wt.%) demonstrate inferior catalytic performance. Support also plays a sig-
nificant role in catalytic performance with catalytic activity in the order C > Al,0;> SiO,.

Jorschick and co-workers also explored the perhydrodibenzyltoluene dehydrogenation/hydroge-
nation application of a 0.3 wt.% Pt/Al,O; catalyst using a two-in-one reactor. The advantages of
the two-phase reactor are that it assisted in saving catalyst and equipment costs for energy storage
application in a remote area. The process can be modulated from dehydrogenation to hydrogenation
by changing the pressure from 1-bar to 30-bar pressure using the same catalyst. The hydrogenation/
dehydrogenation reaction was performed for four cycles, and the experimental studies clearly dem-
onstrate a dip in catalysis after the first cycle. However, the catalytic performance was constant after

TABLE 9.2

List of Catalyst Used in a Two-in-One Reactor.

Entry Catalyst Reactor Reaction Results Ref.
condition

Perhydrodibenzyltoluene

1 0.5 wt% Pt/A1203 BR 270 °C dod =75% 88
2 1 wt% Pt/C BR 270 °C dod = 96% 88
3 1 wt% Pt/C BR 270 °C dod =71% 88
4 0.3 wt% Pt/A1203 PSR 291 °C P =1.2 gH2/gPt/min 89
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the first cycle. Moreover, the generation of heavy products was increased after each cycle from 0.9
to 2.2%, whereas the yield for the lighter products remained constant. An increase in the generation
of heavy products resulted in a decrease in product yield because the heavier products blocked the
active sites of the catalyst.”*-%7

9.4 HETEROCYCLIC COMPOUNDS

9.4.1 CArRBAZOLE DERIVATIVES

N-ethyl carbazole has been one of the most widely investigated heterocyclic LOHCs, and its
hydrogenation leads to the formation of dodecahydro-N-ethylcarbazole (perhydrocarbazole).
This LOHC was first suggested by the company Air Products and Chemicals. Perhydrocarbazole
(50 kJ/mol) possesses low dehydrogenation enthalpy and high hydrogen storage capacity (5.8
wt.%). However, two major shortcomings of N-ethyl carbazole are its high melting point and
high lability of the N-alkyl bond at temperatures higher than 270 °C. As a consequence of
these shortcomings N-ethyl carbazole degrades faster during the dehydrogenation process. The
dehydrogenation efficiency of N-ethyl carbazole was improved by an application packed back
reactor possessing a microchannel reactor. The advantages of using a microchannel reactor
include improved internal and external mass transfer and heat transfer without any signifi-
cant pressure drop in the reactor. Moreover, the productivity of the microchannel reactor with
1.5 gH,/(gp, min) was higher than the packed-bed reactor with 0.2 gH,/(gp, min), and 90%
perhydrocarbazole conversion occurred in both cases. A metallic structure prepared by selec-
tive electron beam melting (SEBM)-based structured reactors was coated with Pt/A1,0; via a
spray-coat and dip-coating technique. In the catalyst coated reactor system, the metal core pro-
moted excellent thermal conductivity and transport from the walls of the reactor to the catalyst
sites. Moreover, the catalytic activity was performed using a single reactor and 10-fold parallel
reactors. Experimental examinations performed for N-ethyl carbazole dehydrogenation using a
single reactor demonstrated hydrogen generation of 1.27 g,;,/(gPt min) (feed flow 4 mL/min at
260 °C), whereas the 10-fold parallel reactor exhibited a hydrogen flow of 9.8 N L,/min (feed
flow of 30 mL/min at 250 °C). The power densities generated were 4.32 kW/h and 3.84 kW/L
by the single and 10-fold reactors, respectively. Perhydrocarbazole dehydrogenation was per-
formed using a downflow tubular reactor at 260 °C. The catalytic material exhibited an HPR of
10.9 gy,/gPt/min, and the power generated was 21.7 kW power/gPt (temperature below 235 °C).
Yang et al. prepared a diversity of an alumina supported (5 wt.%) Pt, Pd, Rh or Ru catalyst for
perhydrocarbazole dehydrogenation at 180 °C using a batch reactor system. Experiential study
of the catalytic performance in the order of Pd > Pd > Rh > Ru was under identical conditions.
According to another report by Smith et al., 5 wt.% Pd/SiO, exhibited 100% perhydrocarbazole
dehydrogenation and 60% hydrogen yields at 170 °C. Overall, Pd was the best catalyst for this
reaction.3!:35:90-94

TABLE 9.3
Catalysts and Its Reaction Condition for Dodecahydro-N-Ethylcarbazole.

Entry Catalyst Reactor Reaction condition Results Ref.
Dodecahydro-N-ethylcarbazole

1 0.82 mg PYAI203 TR Fieeq = 0.8 mL/min, 260 °C YH2 =20.9%,P = 7.3 gH2/gPt/min, 95
2 5 wt% Pd/Si02 BR Fieeg = 0.4 mL/min, 170 °C, 17h  YH2 =35%, XNEC = 100%,YH2 =60% 96
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9.4.2 PYRIDINES AND QUINOLINES

Pyridine and quinoline are composed of one or more heterocyclic rings containing one nitrogen
atom. The hydrogenation and dehydrogenation of pyridines and quinolines have been investigated
for the synthesis of pharmaceuticals. Hydrodenitrification of pyridine and quinoline uses nickel-
and cobalt-based catalysts during the petroleum refining process.

The hydrogenation product of pyridine leads to the formation of piperidine, which is vola-
tile and flammable and is therefore not favourable for LOHC applications. However, two-
membered quinoline and three-membered ring systems such as 4,7-phenanthroline and its
derivatives are high-boiling alternatives for LOHC applications below 250 °C. Moreover,
quinolines are degradable, colourless and hygroscopic liquids. A diversity of catalytic materi-
als including Ni, Au, Pd, Pt, Rh, Cu and Co are supported over inorganic supports, namely,
silica, alumina, titania, coal, (Ca,,(PO,);(OH),) and poly(4-vinylpyridine). However, the com-
plete hydrogenation of quinoline resulting in the formation of intermediates 1,2,3,4-tetrahy-
droquinoline and 5,6,7,8- tetrahydroquinoline exhibits decline in catalytic performance by
binding over the catalytic surface.

Oh and team studied 2-(N-methylbenzyl) pyridine as a potential candidate for LOHC with 6.15
wt.% hydrogen storage capacity. Pd/C and Ru/Al,O; have been used as the catalyst for this reac-
tion. Moreover, multiple hydrogenation/dehydrogenations were possible without any significant
loss in structure of 2-(N-methylbenzyl) pyridine. Conversion of quinoline to tetrahydroquino-
line is promoted at 200 °C and 10-70-bar pressure. But the conversion of tetrahydroquinoline
to dihydroquinoline took more time even at elevated temperatures (175-260 °C) and pressures
(110-210 bar). Moreover, catalyst deactivation was promoted using Bronsted acid-based solvents
or a Lewis base because of the competitive adsorption at the active sites. Quinoline hydrogena-
tion was promoted by enhancing the basicity of the support material (MgO< CaO< SrO). The
Co0;0,-Co/NGr@a-Al,O; promoted the dehydrogenation of quinoline to tetrahydroquinoline
even at 20 °C. Ruthenium nanoparticles (1-2 nm) supported over poly(4-vinylpyridine) (PVPy)
promoted selective quinoline hydrogenation to 1,2,3,4-tetrahydroquinoline at 100-120 °C and
30-40-bar pressure. Polar solvents such as triethylamine and acetic acid assisted in promoting
catalytic performance. Rh/Al,O; efficiently catalysed the total hydrogenation of quinolines to
form completely hydrogenated dihydroquinoline in the presence of hexafluoroisopropanol as a
solvent. Rh-pillared layered catalyst (Rh-PLC) (having Rh = 2 nm) assisted 41% of the hydroge-
nation of quinoline to dihydroquinoline under 20-bar pressure using IPA as a solvent for 2.5 h.
Rh/A1O(OH) catalysed quinoline hydrogenated to dihydroquinoline with 99.3% yield at 125 °C
and quinoline/Rh/AIO(OH) in the ratio 120/1. Aprotic solvents were more efficient in promoting
DHQ hydrogenation than aprotic solvents due to hydrogen bonding with the n-bond of the aro-
matic solvent. However, recycle studies clearly demonstrate an increase in particle size to 5.2 nm
and a decrease in DHQ selectivity to 71%.97-103

9.4.3 PYRROLES AND INDOLES

Five-membered heterocycles such as pyrroles and fused indoles (benzene ring fused with nitro-
gen-containing heterocycles) have been examined as interesting LOHC. The hydrodenitrogena-
tion of these five-membered rings find application in petroleum refinery industries. Moreover,
pyrrole and its derivatives are too highly volatile to be considered for LOHC applications.
However, the indole/octahydroindole pair have a 6.4 wt.% hydrogen storage capacity and are
solid at room temperature. Moreover, indoline is an intermediate formed during the hydrogena-
tion of indole because of the occupancy of the carbocyclic ring at the coordination sites of the
catalyst. Several substituted pyrroles such as butyl pyrrole (hydrogen storage capacity = 3.14
wt.%), N-ethyl indole and N-methyl indole have been explored as LOHC compounds. N-methyl
pyrrole and N-ethyl indole are liquid at room temperature with a hydrogen storage capacity of
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5.81 wt.% and 5.23 wt.%, respectively. 5 wt.% Ru/Al,O; catalyst promotes N-ethyl indole hydro-
genation at 160—190 °C at a 90-bar pressure using hexane as a solvent. The rate of N-ethyl indole
hydrogenation increased with an increase in temperature. Dehydrogenation of octahydroindole
proceeds at 180 °C in 9 h. The activation energy for octahydroindole dehydrogenation was 117.7
kJ/mol. Ru- and Rh-based catalysts effectively promote indoline hydrogenation in the presence
of protic solvents at 60 °C, 30 bar and a turnover frequency (TOF) of 100. Pd/C, Ru/C, Rh/
AlI203 and Pd/hydroxyapatite have been studied as catalysts to promote the dehydrogenation of
indoline to indole.!04-108

9.5 INTEGRATION OF LOHC PROCESS

LOHC is primarily an endothermic process; therefore, external heat is required to perform dehydro-
genation. Several techniques have been integrated along the LOHC process for hydrogen and elec-
tricity generation. The integration of LOHC with a proton exchange membrane fuel cell (PEMFC)
has been investigated for the dehydrogenation reaction. During the operation, electrical energy is
converted into thermal energy, leading to a 24% reduction in the efficiency of the process (PEMFC
electrical output vs heating value of LOHC hydrogen). Alternative techniques have been devel-
oped to enhance the efficiency of the process. Hydrogen burners have been integrated to provide
the desired thermal energy for dehydrogenation. Hydrogen generated during LOHC provides the
thermal energy for the dehydrogenation process. The remaining hydrogen is supplied to PEMFC
to generate electricity. Process efficiency is enhanced to 34% when a hydrogen burner is used. The
integration of LOHC with solid oxide fuel cell (SOFC) provides a much better and energy-efficient
process for hydrogen generation. The process involves high-temperature exothermic SOFC inte-
grated with the endothermic LOHC dehydrogenation process. SOFC exhaust has a temperature
of > 600 °C. The high temperature of the exhaust can be reduced to 300 °C by supplying cool
air, which creates an optimum temperature for LOHC dehydrogenation and efficient heat integra-
tion. Moreover, during the LOHC dehydrogenation process, the hydrogen produced is utilized to
run SOFC to generate electricity. The SOFC+ LOHC-based symbiotic system produces electricity
with 45% efficiency. Moreover, the experimental examination clearly demonstrated that the sym-
biotic SOFC+LOHC system produced energy for more than a decade without deterioration of the
system.31109.110

9.6 REACTOR FOR LOHC

A diversity of reactors have been investigated to improve LOHC performance for hydrogen gen-
eration including fixed-bed reactors, CSTR batch reactors, tubular reactors, pressure swing reac-
tors, spray pulsed reactors and 3D structured monolith reactors (SEBMs). LOHC dehydrogenation
reactors have to address the high volume of hydrogen generated. 1 mL of perhydrodibenzyltoluene
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FIGURE 9.3 SOFC+LOHC integrated system for electricity production.
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dehydrogenation generates more than 650 mL of hydrogen in the gas generation device. The high
volume of hydrogen generated can easily displace perhydrodibenzyltoluene, leading to poor heat
and mass transfer and residence time over the catalyst surface. These phenomena cause a decline in
catalyst performance.

A horizontal tubular reactor provides an interesting platform for performing LOHC reactions,
where the hydrogen gas generated during the dehydrogenation process moves to the empty gas vol-
umes, whereas the liquid flows to horizontal fixed bed catalyst pellets. Hydrogen evolution creates
turbulence in the liquid and therefore improves heat transfer from the hot wall to the liquid. Multi-
tubular or plate reactors are more efficient for large systems. Recently, a radial flow reactor was
examined for dibenzyl-toluene using a Pt/Al,O, catalyst and Pt-Ag membrane reactor. The reactor
readily directs the radial flow outwards using microstructure. This type of reactor counters the
voluminous release of hydrogen by discharging the hydrogen via multiple reactors.30-52:6477.78.92.111

e

He-DBTAL,

& - Hs-DBYT
HIS-DBT iadet -
Catalyst bed
7 @)
Heating/cooling fuid

z

e

£

®) (c)

His-DBT

4
| |

Higas

———
HO-DBT

()] (e)

FIGURE 9.4 Different types of reactors investigated for LOHC application.



144 Chemistry of Dehydrogenation Reactions and Its Applications

9.7 THEORETICAL AND COMPUTATIONAL APPROACH

Computational investigations performed using density functional theory (DFT) assist in under-
standing both the catalyst and the catalytic reaction. The computational and algorithm technique
in corroboration with experimental explorations help in understanding the mechanism for catalyst-
promoted LOHC reactions. DFT studies are useful in understanding the diverse aspects of catalysis,
the effect on different surfaces for high-throughput reactions, important guidelines for the fabri-
cation of catalytic materials and the identification and characterization of active sites present on
the catalyst surface. These computational studies provide guidelines to design new reactions with
optimized yield. Moreover, these computational techniques are not very expensive. DFT studies
also provide useful insight into the interaction and the adsorption characteristics of the reactants,
intermediates and products over the catalyst surface.

DFT calculations have been performed for octahydroindole dehydrogenation. The mechanism
for octahydroindole dehydrogenation initiates with the adsorption of substrate (octahydroindole)
over the catalyst surface. Adsorption energy is calculated for the process. Moreover, similar cal-
culations have been performed for the indole (hydrogen-lean molecule) and hydrogen. Two differ-
ent methods were adopted for the adsorption of products on the catalyst surface. The first method
involves adsorption of both products on the catalyst surface, whereas the second technique involves
adsorption of both products separately. Moreover, according to the first method, octahydroindole
dehydrogenation products, that is, indole and four hydrogen molecules, are adsorbed on the same
surface simultaneously, whereas, according to second method, both products are adsorbed sepa-
rately on the same or different surfaces.

EADS= ES+A - Es -E,

In the formula, E, g is total adsorption energy; Eg, , is adsorption energy of the surface and adsor-
bate; Eg is the adsorption energy of the surface; and E, is the adsorption energy of adsorbate.
The adsorption energy assists in determining the adsorbate binding strength of the catalytic sur-
face.!'>-17 The total energy calculated for the dehydrogenation of octahydroindole is represented by
the following equation:

ER= [E,y + nByy, — Eysl/n

In this equation, Ey, + nEy, — E;c are the values obtained from the DFT calculations. EHO is total
energy for the surface indole; EH2 is total energy for the surface hydrogen; EHS is total energy for
the octahydroindole system; and n is the total number of dehydrogenated hydrogen molecules.

9.8 CONCLUSIONS

LOHC-based hydrogen storage systems relish sharply growing attention, and teaming up with
manifold industrial set-ups makes these systems the future of energy storage. The critical points
in the advancement for LOHC as fuel are the (a) better accessibility of renewable energy with
hotspots situated typically in sites with less population and energy demand; (b) additional future
advancements of novel, better performing electrolyzers; (c) the shift towards greener, minimum-
emission technologies, particularly in the context of mobility division, which is a driving force
of making renewable energy an international commodity in business; (d) incorporation of mobil-
ity sectors, namely, automobiles, such as tank trucks, tank farms or tank ships, in the renew-
able framework; and (e) noteworthy development in the efficiency of LOHC hydrogen cycling
technologies and advancement in technologies that demonstrate the potential to heat-demanding
and heat-releasing processes. The present chapter presents the recent progress in this scenario
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to make the reader mindful about the increasing potential for applications shaped by neoteric
results.

Moreover, the present work also provides insight into offering partially investigated technolo-
gies. For instance, the performance of the catalytic material for both the dehydrogenation and
hydrogenation steps can be further ameliorated, and by-products can be removed from the equa-
tion. The chemical and textural aspects of the catalytic material, including its acid-base property,
wettability and porosity, can be further modulated to better optimize the yield. These features of
catalytic material can be modified by adopting a novel catalyst synthesis procedure (such as vary-
ing the catalyst activation and calcination temperature and adopting in-exchange membranes).
These steps can make the process more fruitful for future research applications. Additional pos-
sible improvements include a reduction in the dehydrogenation temperature and seeking novel
LOHC molecules with lower reaction enthalpy. Computational modelling and kinetic studies to
obtain a deep understanding of LOHC systems need to be sincerely addressed. From the reactor
perspective, the major shortcomings that require attention are the formation of a large volume of
gas and proper transfer of the heat generated during dehydrogenation at the catalytic sites that
are filled with gases. To overcome these issues, catalytic-coated heat transfer plates that com-
pose a well-organized catalytic system to optimize the hydrodynamics are highly recommended.
Finally, process optimization also needs to be addressed that involves the implication of an intel-
ligent coupling design between the exothermic hydrogen consumption (fuel cell or engine) and the
endothermic hydrogenation process (LOHC hydrogenation or compression) to improve the per-
formance of the overall process. The LOHC carrier material must possess excellent recyclability
and by-product formation must be avoided to increase hydrogen storage economy. Accordingly,
LOHC technology can emerge as a new hope for companies associated with mining and supply-
ing hydrogen logistics. OHC technology can also be utilized for rural electrification.
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10.1 INTRODUCTION

In addition to the widely observed aromatic hydrocarbons, heterocycles are an important class of
organic compounds for life sciences. Heterocyclic compounds are found in numerous natural prod-
ucts including vitamins, hormones, and antibiotics.! Interestingly, heterocycles are also frequently
present as scaffolds in prescribed pharmaceutical drugs available for treating various diseases and
disorders. Due to the diverse therapeutical properties of heterocyclic compounds, these frameworks
have long served as attractive synthetic targets for pharmaceutical chemists. Elaborate synthetic
strategies involving multicomponent reactions are used to prepare various heterocyclic compounds,
with these Figure (Scheme)s designed to maximize yield and efficiency of the protocol. Subsequent
aromatization of these heterocycles is used to drive these reaction Figure (Scheme)s to produce
the desired heteroaromatic derivatives with this energetically favorable transformation frequently
achieved through dehydrogenation reactions. Additionally, dehydrogenation reactions can be uti-
lized to carry out various functional group transformations (including the conversion of alcohols to
aldehydes or ketones).?

These dehydrogenation reactions can be classified into three general types?: 1) oxidative dehy-
drogenations (ODs), 2) hydrogen transfer reactions; and 3) acceptorless dehydrogenations. These
different classes of dehydrogenation reactions, using alcohol 1 as the model substrate, are depicted
in Figure 10.1. The first type, OD reaction, involves the use of a stoichiometric oxidant such as O,/
H,0,/o-iodoxybenzoic acid/2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) or many others to
convert the organic substrate into the corresponding dehydrogenated product 2 (Figure 10.1A).
In this reaction, toxic by-products are frequently generated, which can be a major concern. The
second type of dehydrogenation is hydrogen transfer reaction (HT) that involves the use of metal
catalysts to effectively perform the dehydrogenation reaction with the assistance of a stoichiometric
amount of sacrificial hydrogen acceptors, usually an alkene (Figure 10.1B) used to yield the dehy-
drogenated product 2. Similarly, in these cases, waste by-products are generated. However, in the
third type, called acceptorless dehydrogenation reaction (AD) (Figure 10.1C), sacrificial hydrogen
acceptors are not needed. In these cases, molecular hydrogen is successfully removed from the
substrate by using novel metal catalysts and the liberated H,, which is a very valuable clean source
of energy that can be stored and subsequently utilized. Importantly, the acceptorless dehydrogena-
tion strategy is an atom-economical method without requiring stoichiometric reagents (oxidant or
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FIGURE 10.1 Classification of dehydrogenation reactions.

sacrificial hydrogen acceptors) that at the same time produces valuable H, gas from the substrate
along with the desired dehydrogenated product.

Importantly, the construction of complex organic molecules through carbon-carbon (C-C) and
carbon-nitrogen (C-N) bond formation can be initiated in conjunction with the dehydrogenation
reactions of organic substrates followed by inter- or intramolecular condensation reactions with
either amines or alkenes. This intermolecular dehydrogenative coupling reaction is a very use-
ful general strategy to construct various bioactive molecules with applications throughout medici-
nal and pharmaceutical chemistry. For example, Milstein ef al. reported the synthesis of complex
amides 6 by combining a range of primary alcohols 5 and either alkyl or aryl amines by employing
the dearomatized Ru-pincer catalyst [Ru(H)(PNN)(CO)] through an intermolecular dehydrogena-
tive coupling reaction with the resulting liberation of H, (Figure 10.2A).> A dehydrogenative cou-
pling reaction can also be used to produce useful intermolecular C-C bond formations. Brookhart
and co-workers reported C-C bond formation through tandem catalysis by using alkanes 7 and
8.4 Initially, the iridium catalyst [Ir(C,H,)(PNN)] converts an alkane into the respective alkene
through a dehydrogenation reaction with the liberation of H,. In the next step, the alkene formed
reacts with another olefin substrate through an olefin metathesis reaction using Mo-based Schrock’s
catalyst to yield the corresponding coupled alkenes 9 and 10 as the products (Figure 10.2B).

10.2 DEHYDROGENATION REACTIONS FOUND IN NATURE

The ethanol 11 present in alcoholic beverages is a toxic chemical in higher doses in humans, which
needs to be eliminated. A special class of human enzymes that can process the alcohols to alde-
hydes or ketones is alcohol dehydrogenase (ADH) and is found in the liver. Liver-ADH is a zinc-
based enzyme that in conjunction with the oxidized form of the cofactor nicotinamide adenine
dinucleotide (NAD"), interconverts ethanol into aldehyde 12. In this process, the eliminated hydro-
gens from ethanol are transferred to NAD* to form nicotinamide adenine dinucleotide hydrogen
(reduced) (NADH) (Figure 10.3). However, the ADH present in yeast catalyzes the reverse reaction,
that is, the conversion of an aldehyde or ketone to alcohol in a process called fermentation. Yeast
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FIGURE 10.2 Intermolecular dehydrogenative coupling reactions through the formation of intermolecular
C-N bond formation (A) and C-C bond formation (B).
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FIGURE 10.3 ADH catalyzed interconversion of ethanol and acetaldehyde.
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FIGURE 10.4 Active site structure of liver alcohol dehydrogenase (13).

alcohol dehydrogenase utilizes NADH for the reaction, and in the process, NAD* is formed. In this
reverse reaction, various chiral alcohols can be produced, which is of great synthetic importance.
The pharmaceutical industry utilizes chiral alcohols as intermediates for manufacturing various
drugs including calcium, potassium channel blockers, and anti-viral and anti-arrhythmic drugs.’

Liver alcohol dehydrogenase is the most extensively studied of this enzyme family. X-ray crystal
structure studies have revealed that the active site consists of zinc in a tetrahedral geometry coordi-
nated with two cysteine and one histidine amino acid residues with a water molecule occupying the
fourth ligand position (Figure 10.4). The catalysis occurs when the substrate alcohol replaces the
water molecule in the presence of NAD*. The key steps involved in the catalysis are as follows: (i)
binding of NAD* to the active site, (ii) displacement of H,O molecule by an alcohol, (iii) formation
of zinc alkoxide intermediate, (iv) hydride transfer to form an aldehyde and to generate NADH, and
(v) displacement of aldehyde by water.
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10.3 DEHYDROGENATION REACTIONS INSPIRED BY NATURE

Inspired by the alcohol dehydrogenase enzyme-catalyzed reaction, various research groups have
prepared synthetic dehydrogenation catalysts for the conversion of various substrates. Trost and
co-workers in 1979 reported the catalytic dehydrogenation of olefins using palladium trifluoro
acetate as the catalyst in the presence of maleic acid as the hydride acceptor.® In this reaction,
various substituted cyclohexenes 14 were successfully converted into the corresponding substituted
benzenes 15 as the products. However, the conversion of cyclohexane to benzene occurred only
under stoichiometric conditions with palladium trifluoroacetate. Gupta and colleagues found an
iridium-based pincer-type complex IrH,{C¢H;-2,6-(CH,-PBu',),} that elicited high activity for
the dehydrogenation reaction of scyclooctane with excellent temperature stability (around 200 °C)
(Figure 10.5). This iridium catalyst can also act as very effective dehydrogenation catalyst in the
conversion of cycloalkanes 16 to arenes 17

10.3.1 QUINOLINE DERIVATIVES

Quinoline and its derivatives are found in many natural and bioactive compounds and are consid-
ered a valuable scaffold in many drug molecules. Many marketed pharmaceutical drug molecules
that function as anti-malarial, anti-fungal, anti-viral, anti-mycobacterial, antibacterial, anti-epi-
leptic, anti-inflammatory, and many more agents contain a quinoline scaffold in their structures.
Moreover, many additional quinoline-based drugs are in clinical trials. The structures of a selection
of some of the important quinoline-based drugs 19-30 are depicted in Figure 10.6.2

The most widespread use of quinoline-based derivatives is in anti-malarial drugs. Chloroquine
was the first quinoline containing the discovered drug and has been the front-line treatment for
malaria infections. Other derivatives such as amodiaquine, mefloquine, and hydroxychloroquine
were subsequently discovered and used because of the development of resistance against chloro-
quine. Additionally, quinoline derivatives have been used in the treatment of various other diseases.
For example, tacrine is used as a cholinesterase inhibitor in the treatment of Alzheimer’s disease
and is also used against other central nervous system disorders. Quinoline drugs are also available
on the market for the treatment of various cancers. Neratinib is approved for use in breast cancer
therapy in human epidermal growth factor receptor 2 (HER2)-positive cases.” Currently, neratinib
is undergoing clinical trials for use in other types of cancer.!

a) R i
[Pd(CF5C00),]
maleic acid o
! refulx, 2- 6 h R, 1°
2 Substituted benzene
14 35-95%
b) O IrH,{C¢H3-2,6-(CH,- PBut,),} © @
- +
150°C, 1h
16 Benzene cyclohexene

FIGURE 10.5 Catalytic dehydrogenation reaction to form arenes from cycloalkenes and cycloalkanes.
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FIGURE 10.6 Representative drugs containing a quinoline scaffold.

Due to the importance of quinoline derivatives in various drugs, pharmaceutical chemists are
actively involved in the synthesis and testing of a wide range of quinoline moieties. Dehydrogenation
chemistry is one of the key synthetic methodologies used to easily and effectively achieve quinoline
moiety.

The Povarov reaction (Figure 10.7) followed by oxidation could be utilized for quinoline deriva-
tive synthesis. A modified Povarov reaction-aerobic OD was exploited by Guchhait et al. for the
synthesis of an array of quinoline derivatives 39 (Figure (Scheme) 10.1).!!

In 2009, Yamaguchi et al. reported the catalytic dehydrogenation of nitrogen-based heterocycles
using a novel iridium-based homogeneous catalyst [Ir(2-OH-Py)Cp*Cl] that has a 2-hydroxypyri-
dine ligand system (Figure (Scheme) 10.2). This catalyst effectively transforms various tetrahy-
droquinolines 40 into the corresponding quinolines 41 with moderate to good yields. The reactions
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were performed with a 2 mol% catalyst in toluene under reflux conditions in an argon atmosphere for
20 h. The excellent activity of the catalyst is attributed to the effect of 2-hydroxypyridine ligand.!?

Quinolines are also present in various bioactive compounds and in numerous natural products.
Stone et al. utilized a modified Larock synthesis for the assembly of a range of quinoline derivatives
44 prompted through a Heck C-C coupling protocol of 2-bromoanilines 42 with allylic alcohols 43
followed by a dehydrogenation protocol of diisopropyl azodicarboxylate (DIAD) (Figure (Scheme)
10.3).53

Chakraborty et al. employed an iron-based homogeneous catalyst [FeH(PNP)(CO)] for the con-
version of tetrahydroquinolines to quinolines (Figure (Scheme) 10.4).!4 The utilization of an iron-
containing system is favored compared to the previously described noble metal system due to the
high earth abundancy and inexpensive nature of iron. Similar to the [Ir(2-OH-Py)Cp*Cl] catalyst,
the iron catalyst also effectively converts various tetrahydroquinolines 45 into the corresponding
quinolines 46 with moderate to good yields. These dehydrogenation reactions were performed with
a 3-5 mol% catalyst in xylene under reflux conditions in an argon atmosphere for 30 h.
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A manganese-based homogeneous catalyst has also been utilized in dehydrogenation reactions
for preparing quinoline derivatives. As shown in Figure (Scheme) 10.5, Mastalir et al.!> employed
a well-defined Mn-pincer complex (5 mol%) for this reaction using 2-aminobenzyl alcohols 47 and
secondary alcohols as the substrates in the presence of a toluene base at 140 °C for 24 h. The 2-ami-
nobenzyl alcohols and secondary alcohols were successfully combined to form various derivatives
of quinolines 49-54 containing a wide-range of functional groups with good yield.

Yang and group in 2018 reported a simple iron salt, Fe(OTf),, that can catalyze the dehydroge-
nation reaction to produce quinolines. Treatment of benzylaniline 55 with styrene 56 in the pres-
ence of Fe(Otf), and acetic acid under air or O, produced the 2,4-diphenylquinoline 57 with 82%
yield (Figure (Scheme) 10.6). The reaction proceeds through a dehydrogenative [442] cycloaddi-
tion reaction to yield the quinoline product. By employing a variety of N-alkylanilines and substi-
tuted alkenes, various substituted quinolines were synthesized with good to excellent yield.!® This
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approach was later extended with the same group using an Mn catalyst for the formation of quino-
line. Reaction screening with various Mn catalysts under different conditions revealed that MnBr,
as the catalyst in the presence of K,S,0q as the oxidant was the best catalyst-oxidant combination
to produce the corresponding quinoline 60 (maximum yield obtained was 82%). Under the same
conditions, various derivatives of quinolines were prepared by using this method, with a number of
different N-alkylanilines 58 and substituted-alkenes 59 used as the starting materials."”

As shown in Figure (Scheme) 10.7, Azizi and co-workers described a new and efficient method
for the preparation of quinolines by employing Mn-porphyrin as the catalyst under basic conditions,
using 2-aminobenzylalcohol 61 and 1-phenylethanol 62 as the substrates.'® They found that a com-
bination of strong bases (KO'Bu, KOH, and pyridine) as additives was needed for the successful
synthesis of quinolines 63 with high yield. In this study, the reaction pathway involving the accep-
torless dehydrogenation type (Figure 10.1C) has been proposed for the reaction through several
mechanistic studies.

Accordingly, many important dehydrogenation catalysts have been discovered and optimized for
the synthesis of quinolines (Figure 10.8). These reactions provide effective routes for the conver-
sion of various tetrahydroquinolines to produce an array of quinolines.

10.3.2 PYRROLE DERIVATIVES

Pyrrole is also considered to be a very important scaffold as it is present in many biological com-
pounds with diverse biological and therapeutical activities. Many drugs containing a pyrrole sub-
structure possess therapeutic utilities including anti-cancer, antibiotic, anti-fungal, f-adrenergic
antagonist, anti-psychotic, and anti-malarial compounds.'® Some examples of pyrrole-based phar-
maceutical drugs are shown in Figure 10.9. Lipitor 64, a very successful cholesterol-lowering drug,
is built from a pyrrole unit.? Sunitinib 67 is an anti-cancer drug used to treat renal cancer and
gastrointestinal tumors.?! Tolmetin 65 is an anti-inflammatory drug used to treat acute rheumatoid
arthritis and osteoarthritis, and it also possesses analgesic properties. Similarly, ketorolac 66 is used
as an analgesic and anti-inflammatory drug.??

Due to the obvious importance of pyrrole derivatives in the pharmaceutical and chemical
industries, various synthetic protocols have been devised for the synthesis of pyrrole frameworks.
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FIGURE 10.8 Metal complexes used as homogeneous catalysts for the dehydrogenation of organic substrates.
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Paal-Knorr, Clauson-Kass, and ring closing metathesis (RCM) reactions have been the approaches
generally used to carry out the synthesis of pyrrole derivatives.

In 2011, Schley and group reported a dehydrogenative Paal-Knorr-type synthesis of various
N-alkyl pyrroles using a ruthenium catalyst.?? In this study, dehydrogenative oxidation of 2,6-hex-
anediols 68 in the presence of alkyl amines was carried out to produce various pyrrole derivatives
69 (Figure (Scheme) 10.8 and Table 10.1) but only with a maximum yield of 48%.
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Substituted pyrroles can also be synthesized from symmetrical vicinal diols by using a tandem
catalysis method involving Ru;(CO),, and Xantphos ligand system (Figure (Scheme) 10.9, and
Table 10.1). In this reaction, the metal-assisted dehydrogenation and alkylation steps were followed
according to the hydration reaction conducted to produce a variety of substituted pyrroles 71 with
moderate to good yields.?*

For each of these methods, RCM is a powerful strategy for easy access to the assembly of pyr-
role derivatives with the dehydrogenation step, an indispensable part of the process. Linear diene
substrates can be converted into pyrrole derivatives through RCM and the subsequent dehydroge-
nation reaction by using metal catalysts. In this context, Chen et al.*> used Cu or Fe catalysts for
dehydrogenation to produce several pyrrole derivatives (Figure (Scheme) 10.10 and Table 10.1).
In these reactions, a series of aryl-substituted pyrrole derivatives 74 were obtained with good yields
using aryl-substituted N, N-diallylanilines 72 as the substrates. The first step involves an RCM step
using a ruthenium carbene catalyst. This was then followed by the dehydrogenation step with either
CuCl, or FeCl, as the catalyst to deliver pyrrole 74.

As shown in Figure (Scheme) 10.11 and Table 10.1, Kallmeier et al. in 2017 reported the
reaction of secondary alcohols and amino alcohols using a Mn pincer catalyst to produce a series
of substituted pyrroles 77 with yields up to 93% under mild conditions.?® However, the related Fe
and Co complexes of the same ligand framework did not show activity under the identical reaction
conditions.

In a related work, Borghs and co-workers utilized acceptorless dehydrogenation coupled with
a hydrogen auto-transfer catalysis method for the construction of pyrrole derivatives. These
researchers used a novel manganese pincer catalyst made of a PNPP" ligand system. The catalyst
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TABLE 10.1
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is air-stable and thus enables inert atmosphere-free reaction conditions. By treating propiophenone
(78), 2-phenylethylamine (79), and ethylene glycol in the presence of 20 mol% of the Mn-catalyst,
a substituted pyrrole 80 (Figure (Scheme) 10.12 and Table 10.1) was obtained with 86% yield.?’

10.3.3 B-CARBOLINE DERIVATIVES

The aromatic 3-carboline moiety is also a very important structural scaffold that is found in various
natural products and pharmaceutical drugs. These B-carboline-containing compounds show activity
against various infections such as viral infections, HIV, and malaria.?® Because of the significance
of the B-carboline unit, several synthetic strategies have been employed to prepare carboline deriva-
tives (Figure (Scheme) 10.13). As on example, Gaikwad et al. employed a metal-free OD method
to prepare a range of B-carboline derivatives 82 with excellent yields using I, and H,0, in DMSO.?
Mechanistic studies revealed that both of the oxidants (I, and H,0,) and DMSO are indispensable
for the reaction to proceed. These researchers displayed the utility of this method in the preparation
of several bioactive alkaloids, namely, kumujian-C, eudistomin, norharmane, and harmane.
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10.3.4 THIENOQUINOLINES DERIVATIVES

Sulfur-containing heterocycles fused to quinolines are called thienoquinolines. These moieties are
present in a variety of bioactive natural products and pharmaceutical drugs including a tyrosine
kinase EGFR inhibitor and a protein kinase inhibitor.>* However, the possible synthetic routes for
the preparation of thienoquinolines has not been explored to a great extent. In 2019, Teja and co-
workers developed an inexpensive Cu-TEMPO-mediated OD catalysis to achieve the construction
of various thienoquinolines 84 (Figure (Scheme) 10.14). These researchers used 20 mol% of the Cu
catalyst, 10 mol% of TEMPO (oxidant), 20 mol% of 2,2-bipyridine (ligand) for the dehydrogenation
reaction, followed by C-H functionalization using elemental sulphur (as a thio surrogate) for the
synthesis of 2-acyl-thienoquinolines.?’

10.3.5 BeNzIMIDAZOLES DERIVATIVES

The benzimidazole moiety is one of the key heterocycles found in bioactive molecules with diverse
activities, including anti-microbial, anti-diabetic, anti-convulsant, anti-parasitic and anti-cancer.??
Sofi and group developed a general and efficient visible-light-promoted dehydrogenation-deamina-
tive cyclocondensation strategy for the transformation of o-phenylenediamines (85) and arylmethyl
amines 86 into the corresponding 2-arylbenzimidazoles 87 with high yields.* The reaction has a
wide substrate scope and tolerates various functional groups, thereby allowing many derivatives of
benzimidazoles to be synthesized through this methodology (Figure (Scheme) 10.15). In addition,
in this method, greener protocols were followed by avoiding the use of any metals (transition metal
photocatalyst) and using air as an oxidant at room temperature.
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10.3.6 GALANTAMINE DERIVATIVES

Galantamine is a specific and reversible acetylcholinesterase inhibitor with neuroprotective prop-
erties. It is also a key drug used to slow Alzheimer’s disease with recent worldwide clinical trials
showing positive results in the application of this drug against Alzheimer’s.>* Therefore, effective
synthetic methods need to be developed for the more efficient production of the drug. In this aspect,
Zhang et al. in 2020 illustrated a method for the synthesis of galantamine intermediate using a
palladium-catalyzed dehydrogenation reaction through late-stage C-H activation.> A subsequent
reaction Figure (Scheme) with L-selectride and then treatment with LiAlH, afforded galantamine
90 as the product with 67% yield (Figure (Scheme) 10.16).

10.3.7 PYRAZOLONE AND PYRAZOLE DERIVATIVES

Pyrazole and Pyrazolone moieties are quite common structural features present in numerous drug
molecules.’® As shown in Figure (Scheme) 10.17, Zhu et al. used a palladium-catalyzed OD reac-
tion in the presence of AMS (co-catalyst) to readily prepare various derivatives of pyrazoles 92, 95
and pyrazolones.’” In this method, various substrates with alkyl, alkoxy, halogen atoms, an ester
group, and electron-withdrawing CF; were tolerated, and each afforded the dehydrogenation prod-
ucts with good yield. As a bonus, this method also operates under mild reaction conditions.

10.4 METABOLIC OXIDATIVE DEHYDROGENATION REACTIONS

Almost anything entering the human body is considered potential foreign material. Biological
transformations are frequently required to detoxify and remove any non-native substances from the
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body. These metabolic events generally involve the conversion of water insoluble materials to water
soluble compounds. To determine the metabolic fate of administered pharmaceutical drugs in the
human body, many model systems are devised to determine the in vitro effect of these detoxifica-
tion systems on the drug metabolic fate of drug molecules. Bernadou et al. used metalloporphyrin
coupled with KHSO; (as a water-soluble oxygen carrier) as a model for the peroxidase or cyto-
chrome P-450 detoxification systems present in our body. Paracetamol/acetaminophen (96) was
subjected to metalloporphyrin along with KHSOs. Upon oxidation, paracetamol was transformed
initially into 1) N-acetyl-p-benzoquinone-imine (NAPQI) (97) (dehydrogenation reaction product),
then into 2) p-benzoquinone-imine (PQI) (98), and ultimately, into 3) p-benzoquinone (BQ) (99)
(Figure (Scheme) 10.18). The proportion of these metabolites that are formed is affected by the
reaction time, pH, and the metal system present in the porphyrin ring. Paracetamol is an extensively
utilized medicine to reduce elevated body temperatures (anti-pyretic) and to a limited extent, to
lower inflammation (anti-inflammatory) and alleviate pain (analgesic).

In a similar metabolic study by Johansson and group,* researchers modelled the cytochrome P450
system with (1) electrochemical (EC) oxidation, (2) an electrochemically assisted Fenton reaction
(EC-Fenton), and (3) synthetic metalloporphine-catalyzed oxidations. Amodiaquine (20), a 4-amino
quinoline derivative, is an anti-malarial drug that consists of substituted 4-aminophenol moiety and
that of acetaminophen (Figure (Scheme) 10.19). It was found that once this compound metabolized,
it undergoes a series of dehydrogenation reactions to generate a substituted quinone imine 100.

Indapamide (101), a diuretic anti-hypertensive agent, has an indoline heterocycle present in its
structure, and this 2,3-dihydroindole moiety is present in many investigational drugs. It has been
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shown that indapamide undergoes an OD metabolic fate in the human body.*® It has been observed
that when indoline is treated with isolated human liver microsomes, the microsomal cytochrome
P450 system carries out OD at the 2 and 3 positions of indoline to yield the indole derivative 102 as
the product (Figure (Scheme) 10.20).41;

10.5 MISCELLANEOUS DEHYDROGENATION REACTIONS

Gibberellic acid is a plant hormone that promotes the growth of plant cells. This hormone is also
found in fungal species. Interestingly, oxidation/dehydrogenation with the assistance of an iron-
based catalytic system produced the lactone ring, a cyclized ester 104 as shown in Figure (Scheme)
10.21. This study of “Biologically inspired oxidation catalysis” was carried out by Cue et al. to learn
from a natural catalyst and the catalysis processes.*?

Heterocyclic cores are essential components of many pharmaceutically active drugs, and have
therefore attracted many chemists’ attention to design routes for the synthesis of various hetero-
cycles. Once produced, these new heterocyclic-containing compounds are screened to determine
if they are associated with some therapeutic benefits. For example, Balamurugan et al. synthesized
a range of 2-amino-5-arylthieno-[2,3-b]-thiophenes derivatives 109 by using the Gewald reaction—
dehydrogenation domino reactions (Figure (Scheme) 10.22) and then tested them for anti-tubercu-
lar activity. Fascinatingly, these synthesized compounds elicited significant activity in the form of
minimum inhibitory concentrations (MICs) in the range of 1.1-97.6 uM against multi-drug-resistant
TB (MDR-TB).® The general synthetic route for this Gewald reaction is depicted in Figure 10.10.
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Anti-cancer compounds have been identified against a wide range of planned targets, and some
of these drugs have been synthesized by a Figure (Scheme) that involves a dehydrogenation reac-
tion. Steroidal drugs generally function by interfering with the activity of natural substrates such as
oestrogen, progesterone, and testosterone, which have a similar steroidal nucleus. The anti-cancer
compound exemestane, which acts by inhibiting the enzyme aromatase, was synthesized by Marcos-
Escribano et al. in a reaction involving dehydrogenation by using chloranil, bis(trimethylsilyl) triflu-
oroacetamide (BSTFA), and triflic acid (TfOH) in refluxing conditions in toluene solvent** (Figure
(Scheme) 10.23).

Sulphonamides are versatile molecules that are found in various diuretics, anti-bacterials, HIV
protease inhibitors, anti-convulsants, and anti-diabetic compounds. C-N bond formation is an impor-
tant step in sulphonamide synthetic Figure (Scheme)s and generally involves the generation of toxic
by-products. As depicted in Figure (Scheme) 10.24, Shi et al. used a dehydrogenation-condensation-
hydrogenation sequence in one pot that avoids these toxic issues by coupling alcohols 116 with sul-
phonamides to produce an array of substituted sulphonamides 117.* The spirooxindole heterocyclic
nucleus is present in many natural products, and some of them have been shown to have numer-
ous therapeutic activities.** Compounds including alstonisine, horsfiline, and elacomine are used
in indigenous medicine; mitraphylline and spirotryprostatins A and B possess anti-tumor activity,
and rhynchophylline is associated with anti-pyretic activity. Assembly of numerous spirooxiindole
derivatives was carried out by Bhaskar et al.#’ followed by a determination of these synthetic com-
pounds for their anti-microbial properties against 8 different bacterial and 3 different fungal spe-
cies. These compounds were assembled through the cycloaddition reaction of azomethine ylide and
dipolarophile 1,4-naphthoquinone followed by the products of this cycloaddition reaction undergoing
dehydrogenation to provide spirooxiindole derivatives 121. As one example, azomethine ylide is syn-
thesized from substituted isatin 118 and sarcosine or L-proline*’ (Figure (Scheme) 10.25).
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Various pyridazinone-containing drugs such as zardaverine, emorfazone, and irdabisant are
available on the market and are used for their anti-platelet, anti-inflammatory, and GPCR H3R
antagonistic properties, respectively. Different pyridazinones derivatives 123 were synthesized by
the dehydrogenation of 6-substituted dihydropyridazinones 122 by using Cu(OAc),, Na,CO; as a
base, the additive pyridine, toluene as the solvent, and oxygen at 100 °C, producing the final com-
pounds in a range of 65-93% overall yield*® (Figure (Scheme) 10.26).

2-aminobenzothiazole acts as a building block for various bioactive compounds. For example,
riluzole (125) is useful in the treatment of the symptoms of amyotropic lateral sclerosis and other
motor neuron diseases. R-(-)-lubeluzole 124 provides neuroprotection especially in hypoxic con-
ditions, while pramipexole 126, with a partly saturated benzene ring, is useful in the treatment
of Parkinson’s disease* (Figure 10.11). Zhao and group have devised a very efficient metal-free
protocol for assembly of the 2-aminobenzothiazole (129) moiety, with most targeted compounds
produced with a 62-95% yield. To synthesize these target compounds, cyclohexanones 127 were
reacted with thioureas 128 in the presence of I, and O, using para-toluenesulphonic acid (PTSA) via
a dehydrogenation route™ (Figure (Scheme) 10.27).

Some drugs including raloxifene, which is useful in osteoporosis treatment, zileuton, an
anti-asthmatic drug, sertaconazole, which is effective as an anti-fungal agent, and mobam,
as a lice controller contain a benzo[b]thiophene heterocyclic moiety in their structure. Many
newly designed experimental drugs also possess this benzo[b]thiophene heterocycle pharma-
cophoric unit.’! Chemists have subsequently devised various metal-free protocols for its assem-
bly. Zhang et al. assembled these heterocycle benzo[b]thiophenes 131 by reacting substituted
2-halostyrene 130 with K,S, which was heated either in the presence or absence of additives
(Figure (Scheme) 10.28).5?
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4H-pyrido-[1,2-a]-pyrimidin-4-one-containing scaffolds are known for many medicinal prop-
erties including anti-hypertensive, anti-ulcerative, tranquilizing, anti-allergic, and anti-psychotic
properties. If a single catalyst can catalyze all three reactions in this synthetic Figure (Scheme), then
it would provide a significant bonus. Yang et al. synthesized 4H-pyrido-[1,2-a]-pyrimidin-4-one
derivatives 134 by the reaction of 1,4-enedione 132 and 2-aminopyridine (133). For this synthesis,
a simple copper catalyst [Cu(OAc),] catalyzes all three reactions, with an aza-Michael addition,
aerobic dehydrogenation and an intramolecular amidation in DMF in the presence of air at 80 °C
(Figure (Scheme) 10.29).>

Nitrogenous heterocycles have a ubiquitous presence in drugs that are used to treat a variety of
diseases and disorders such as anti-cancer, anti-malarial, anti-biotic, anti-viral, and numerous other
properties. Because of their prominence, these compounds have received special attention from
synthetic organic chemists to provide efficient synthetic protocols and to design an array of catalysts
that serve the atom economy principle. Iridacycles, cyclic iridium complexes, have been utilized
to compile a number of these heterocyclic compounds. The synthesis of papaverine (139), an anti-
spasmodic alkaloid present in opium poppy, is illustrated in the following Figure (Scheme) 10.30
that utilizes iridacycles as a catalyst for the dehydrogenation reaction.’*
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Quinazolinone alkaloids are very common in plants, and this scaffold has been reported to
occur in more than 100 natural products. An alkaloid isolated from Peganum harmala known as
pegamine was found to weaken cytotoxicity, which could be utilized as a lead for further drug
design and development. Mathaqualone was introduced as a sedative and hypnotic drug but
was subsequently withdrawn from the market because of its addictive properties. Halofuginone
is an alkaloid from Hydrangea febrifuga that has received orphan drug status by the US FDA
for the treatment of scleroderma. Prazosin is an al blocker that is used as an anti-hypertensive
drug. Fenquizone is another anti-hypertensive drug, but it is in the sulphonamide diuretic cat-
egory. Gefitinib is an anti-cancer drug used for non-small cell lung cancer (NSCLC) and espe-
cially utilized for the treatment of malignancies. Idelalisib is an anti-cancer agent that is used
for the treatment of blood cancer. Albaconazole is being developed as an anti-fungal drug,
while several quinazolinones have shown promise to be developed as anti-bacterial agents.
Considering the diverse biological properties associated with quinazolinones, these compounds
have attracted the interest of chemists for the design of new synthetic routes. Cheng et al.
assembled quinazolinones 141 from various anthranilamides 140 and aldehydes in a one-pot
reaction using i) PTSA in THF, rt, 10 min and ii) phenyliodine diacetate [PhI(OAc),, PIDA], rt,
1 h% (Figure (Scheme) 10.31).

Biobased compounds can also play a role in the synthesis of new materials. Butanol can be
utilized to synthesize butadiene, a Figure (Scheme) involving dehydration followed by a dehy-
drogenation reaction. Butadiene acts as a precursor in the synthesis of various reagents including
chloroprene (involved in neoprene polymer synthesis), 1,5-cyclooctadiene, 1,4-butanediol, tetrahy-
drofuran, sulfolane, and an array of polymers including 1,4-cis-polybutadiene, styrene-butadiene
polymer, and co-polymer of acrylonitrile and butadiene.>

The 2-aminopyrimidine scaffold is widely represented in anti-cancer drugs such as pazopanib,
imatinib, ceritinib, osimertinib, and nilotinib; in HIV drugs rilpivirine amd etravirine; in anxio-
lytic buspirone; in anti-bacterial timethoprim and sulphadiazine; in anti-protozoal pyrimethamine;
in erectile dysfunction drug avanafil; in metastatic melanoma molecule debrafenib; in hyper-
cholesterolemic medication rosuvastatin; and in diarrhea-associated carcinoid syndrome, drug
telotristat ethyl.’” Than et al. described a synthetic protocol for producing an array of 2-amino-
pyrimidine derivatives 143 featuring dehydrogenation reactions using Pd(OAc),, Cu(I)-thiophene-
2-carboxylate (CuTC), and LiIHMDS at 100 °C in toluene solvent under argon conditions (Figure
(Scheme) 10.32).%8
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10.6 CONCLUSIONS AND PERSPECTIVES

This chapter summarized the prominent role of dehydrogenation reactions (catalytic/stoichiometric
process) in the synthesis of diverse heterocyclic scaffolds, pharmaceutical drugs, and drug interme-
diates. Although noble metal catalysts have been used primarily for these catalytic dehydrogenation
reactions, various base metal catalysts have recently been discovered and are being successfully
employed for improved reaction conditions. Compared to the traditional dehydrogenation reaction,
which produces toxic waste, the acceptorless dehydrogenation strategy can successfully eradicate
the generation of these waste products in the reaction. Importantly, acceptorless dehydrogenation
can be combined with hydrogen transfer reactions or condensation reactions with other substrates.
In this way, desired complex drug molecules can be prepared with excellent reaction efficiency in an
atom-economical setting. Accordingly, this chapter examined the development of dehydrogenation
reactions and the evolution of dehydrogenation catalysts for the synthesis of important pharmaceuti-
cal drugs and bioactive compounds. Further development of these dehydrogenation reactions is still
needed to successfully scale up to produce the several hundreds of kilogram quantities of the target
drug molecules needed and to do this with good yield. This review on the role of the dehydrogena-
tion reaction provides valuable background to form a strong basis supporting additional research
aimed at the discovery of novel catalysts and new reaction conditions for the preparation of various
value-added chemicals, natural products, and pharmaceutical drug molecules.
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Dehydrogenation Reactions
Process Design of Reactors
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11.1  INTRODUCTION

A chemist creates a new chemical product or pathway to produce known materials efficiently.
However, this happens either in a test tube or on a lab scale. Mass-production of said chemical or
implementation of such a process to make material in bulk requires chemical engineers. Chemical
engineers are responsible for the design and operation of process plants and the products’ proper
packing and safe transportation. Therefore, it seems prudent to consider the process entirely, from
raw materials to finished products and from individual equipment parts to the whole plant.

A chemical engineer designs the equipment to execute the process at the specified reaction
parameters based on the chemistry of the methods and products. Process equipment design starts
with writing the underlying chemical reaction and calculating the entailing mass and energy bal-
ances. After this comes the real fun of chemical engineering. After bringing in the reactants and the
required energy, the process is no longer theoretical. The practical challenges include pressure loss
in the transportation pipelines, corrosion and toxic leakage prevention, the maintenance of reaction
pressure, efficient heat transfer through various heat-exchange equipment, the homogenization of
reactant composition in the reactor, the swift output of the process products, the separation of the
intended outcome, conveying, and the safe packing of the final product.

Moreover, the reactants vary in composition, purity, and phase. In contrast, the chemical
reactions vary regarding the intermediate steps, catalysts, end-products, selectivity, and yield.
Therefore, each design exercise is unique and needs a thorough understanding of the founding
elements of chemical engineering. A chemical engineer must study chemical reaction engi-
neering, molecular transport processes, separation processes, process plant safety, risk analysis,
plant and equipment design, process control, plant management, and plant and process econom-
ics in addition to the core courses in mathematics, physics, and chemistry. Practicing chemical
engineers would tell you that the data they work with are often unreliable or incomplete. Hence,
they must navigate at every step by making the correct assumptions backed by the founding
principles of all of these courses of study. The purpose of discussing chemical engineering here
is to make readers aware of the actions conducted by chemical engineers in bringing the brain-
children of chemistry to the point of commercial production and revenue generation. Knowing
the chemical engineering involved in the design procedure will allow any reader with a chem-
istry background to understand the entire process better, re-invent, and help make the existing
practices sustainable.

Dehydrogenation is a reaction of removing hydrogen from an organic reactant and forming a
new chemical.'”* The dehydrogenation reaction variants include low-temperature catalytic dehydro-
genation, catalytic cracking, and thermochemical cracking. However, from a chemical engineering
perspective, all of these variants have the following commonalities*: (i) the product volume is larger
than the reactant, (ii) swift separation of the product chemicals from the generated hydrogen is
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needed, and (iii) the reaction temperature and pressure must be sustainably maintained. This three-
pronged problem exists for all dehydrogenation reactions, and the solution requires knowledgeable
communication between chemists and chemical engineers. The chemist communicates the require-
ments of sustainable production based on the dehydrogenation reaction. However, the planning,
commissioning, operation, and maintenance of the plant are carried out by chemical engineers.

The preamble presented here shows that the whole chemical engineering affair revolves around
designing, operating, and maintaining the process reactors. Hence, the upcoming sections of the
chapter discuss the most popular choices among various reactor forms, their distinctive designs,
specific advantages, and performance weaknesses. Sometimes, obtaining a precise conversion may
require more than one reactor. Therefore, the networking of reactors is also discussed. Finally, a
case study of the process design of reactors for styrene production is presented. It aims to elabo-
rate on the role of chemical engineering in the bulk production of a product initially envisaged by
chemistry.

11.2 PROCESS DESIGN OF REACTORS

Process design refers to estimating the size, shape, and flow patterns calculated based on physico-
chemical laws, conservation equations, and empirical correlations. There are typically three stages
of the process design of reactors. As mentioned earlier, the design exercise starts with building
the total mass and energy conservation equations. It gives a ballpark estimate of the volume and
shape of the potential reactor design. Afterwards, the effects of additional details are evaluated
and amalgamated with the basic design. These extra considerations may include alteration in the
reactor pressure, energy losses, and deployment of compensatory measures such as pumps, heat
exchangers, and separators. It is to be ensured that no component is underutilized or overexerted.
For example, the pipes should be filled with turbulent flow without the flow rate exceeding the
maximum permissible limit. Finally, the entire design undergoes a holistic evaluation to estimate
the efficiency and conversion expected from the reactor. A general outline of the design procedure
is as follows:

Step-1 Collect all relevant physical and chemical property data and the kinetic and thermody-
namic data over the various operating conditions, such as pressure, temperature, flow rate,
and catalyst concentration from the literature, laboratory, or pilot plant studies.

Step-2 Identify the dominant rate-controlling mechanism, and choose the suitable reactor
type based on the information gathered in step 1.

Step-3 Hypothesize the reactor conditions that can give the desired performance. The reactor
performance is measured in terms of the attainable conversion and yield.

Step-4 Size the reactor and estimate its performance. Since the design relationships are rarely
analytically soluble, semi-empirical methods are the best-practiced approaches.

Step-5 Choose suitable construction materials considering their compatibility with the reac-
tants. Put a preliminary mechanical design for the reactor, including the vessel design,
the regulation of heat transfers, and the arrangement of internals along with the general
arrangement.

Step-6 Conduct a cost analysis of the stipulated design, including the capital, operating, and
maintenance costs for a stipulated future period.

Step-7 Repeat steps 4 to 6, as necessary, to optimize the design.

Figure 11.1 shows the general protocol for a process design size estimate of ideal reactors.

Since the design is based on the process parameters and is aimed at achieving specific pro-
cess targets, the exercise is appropriately named process design. The process parameters and the
desired conversion are the standard design inputs, and they vary widely per production require-
ments. Hence, the reactor design templates, also known as the ideal reactors, are useful.
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Matching the reaction requirements, design the heating/cooling |
facilities, e.g., heat-exchanging jacket or spray cooling. ‘

{ :

FIGURE 11.1 A general process design protocol of ideal reactors.

11.2.1 IpeaL ReacTORS

Ideal reactors are design templates and are valuable in judging reactor performance, estimating
the shapes and the dimensional proportions, and determining the reactor sequence. Since the input
information varies widely, the ideal reactor designs are classified into three distinct types based
on the reactant flow regime that exists within the reactor. These types are the batch reactor (BR),
the mixed flow reactor (MFR), and the plug flow reactor (PFR). Other reactor designs exist, such
as semi-batch, membrane, and falling-film reactors. Still, these ideal designs often serve as design
guides or performance evaluation standards. There are also other ways to classify chemical reac-
tors. For example, chemical reactors can be classified according to the phases processed within the
reactor, for example, single-phase or multi-phase reactors. Multi-phase reactors are typically used to
process gas-liquid, liquid-liquid, gas-solid, or liquid-solid catalytic reactors, and their performance
analysis is more complex than single-phase reactors. Another classification of chemical reactors can
be according to the mode of heat removal, including isothermal, non-isothermal, or adiabatic reac-
tors. Let us start with ideal reactors. Figure 11.2 shows the typical schematics of ideal reactors.>¢

11.2.1.1. Batch Reactors (BR)

Batch reactors are the most common type and are typically used to process small amounts of reac-
tants. The industrial involvement of batch reactors occurs in various processes such as the synthesis
of dyes, production of specialty chemicals (including benzene sulphonic acid from benzene and
oleum, nitrobenzene from benzene and mixed acid, or polyurethane from toluene di-isocyanate and
polyglycol), batch fermentation (e.g., fermentation of molasses to ethanol), manufacture of active
pharmaceutical ingredients (e.g., synthesis of cypermethrin), manufacture of amino and alkyd res-
ins, etc.”:8

Fixed amounts of the material are put in these reactors, and desired temperatures are set while
the materials are unceasingly stirred. Characteristically, there can be no input or output during
the reaction. Our mouths, test tubes, flasks, and the earth are excellent examples of batch reac-
tors. Accordingly, batch reactors’ process design is the most straightforward. Here, only the reactor
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Steady-state flow

Batch Plug flow Mixed flow
—
S

Uniform composition Fluid passes through the reactor Uniformly mixed, same
everywhere in the reactor, with no mixing of earlier and later composition everywhere,
but of course the entering fluid and with no overtaking. within the reactor and
composition changes It is as if the fluid moved in single- at the exit.

over time. file through the reactor.

FIGURE 11.2 Typical schematics of ideal reactors.®

volume is to be calculated. The reactant concentration keeps changing; therefore, these reactors are
best modeled using unsteady state models. The constant change is also the reason that the volume
estimate is conventionally based on the volume of the reaction mixture at the highest reaction tem-
perature, the maximum reaction pressure, and the specified degree of reactant conversion.

The performance equation of an ideal batch reactor can be given as follows:

V = FA0 I dXA {for constant volume processes} Equation 11.1
0 (—r 4
XA
X
0,=N, [ —
0 (—r 4 ) 4

Equation 11.2

where NV 4= Initial amount of limiting reactant, kmol

Qg = Time required to achieve the conversion X ,, s

F u = A Molar flow rate of limiting reactant A, kmol/s
B

X 4= Fractional conversion of limiting reactant A
—F, = Rate of reaction

V' = Working volume of the reactor, m3

Batch reactors may be very advantageous in certain situations because they can obtain high con-
versions if a longer residence duration is permissible. Batch reactors are easy to clean and deemed
suitable for producing small specimen amounts of products while the process is in its testing phases.
However, the high labor cost, difficulty maintaining large-scale production, and extended downtime
when cleaning are a few factors that limit their usage.

11.2.1.2. Mixed Flow Reactor (MFR)

The mixed flow reactor (MFR) is a non-batch, flow-type reactor. It has three characteristic features:
(1) it is a continuous flow reactor, that is, reactants are continuously fed in, and products are continu-
ously withdrawn, (ii) it is stirred unceasingly to keep the reaction mixture concentration and tem-
perature homogenous everywhere, and (iii) it comes in the shape of a tank, specifically, its height is
comparable to its diameter. Since the reactor enjoys a continuous flow, nothing accumulates within,
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so these reactors can be conveniently modeled using a steady-state mole balance. In various texts,
this reactor has also been called the back mix reactor, the continuous stirred tank reactor (CSTR),
and the constant flow stirred tank reactor, all citing the characteristic flow pattern that maintains
the compositional homogeneity.””

Industrial forms of MFRs include agitated vessel-type reactors, sparged vessels (including gas-
induced agitator types), bubble column-type reactors, loop reactors (with recirculation, recirculating
pump, and external heat exchanger), and a jet reactor with recirculation through an ejector.”!%!! The
human stomach and our living rooms are the two closest examples of MFR. Industrially, MFR is
deployed in various processes, including the liquid-phase carbonylation of methanol to acetic acid,
oxidation of acetaldehyde to acetic acid, liquid-phase polymerization of styrene to polystyrene,
solution polymerization of propylene to polypropylene, chlorination of benzene to chlorobenzene,
oxidation of toluene to benzoic acid, and solution polymerization of vinyl chloride to polyvinyl
chloride.

In an ideal MFR, the inflowing reactants immediately achieve the targeted composition due to
the dilution of reactants by the products. The rate of reaction is minimum in an ideal MFR com-
pared to all types of continuous flow reactors, as it provides a minimum concentration of reactants
during reactions.®’!2 Like batch reactors, flow reactors, such as MFR or plug flow reactors, can also
be modeled in terms of the space-time (z), the time required to process one reactor volume of feed.
The performance equation for an ideal MFR can be given as follows:

F,. X
— A4 Equation 11.3
(_rA )exit
re,
Ty =— Equation 11.4
FAo

where, [’ 4 = Molar flow rate of limiting reactant A, kmol/s

C

, =Molar concentration of limiting reactant A, kmol/m?
0

X 4= Fractional conversion of limiting reactant A
(—r y )exit = Rate of reaction (based on the concentration measured at the exit)
V' = Working volume of the reactor, m?

Ty = Time velocity of the MFR, s

As explained earlier, MFR offers extensive mixing and a lower reaction rate. It not only lowers the
rate of heat generation in case of exothermic reaction but also quickly disseminates the locally gen-
erated heat. It renders the temperature control more accessible vis-a-vis other ideal reactor forms.
The tank shape requires less fixed cost for lower-order reactions with lower equilibrium conversion
because the cost per unit volume of an MFR is low. In MFR, the fine catalyst particles can be effec-
tively suspended throughout the liquid reaction system.

Moreover, an MFR can provide higher heat and mass transfer for slurry-like viscous reac-
tion mixtures. Despite all of these benefits, an ideal MFR requires maximum volume among
all types of continuous reactors for any given positive order reaction and required conversion.
This is because of the minimum rate of reaction among all types of continuous flow reactors.
Furthermore, unlike a stirred tank batch reactor, it is difficult to change over and process other
products with MFR. Still, MFRs are the industry favorite simply because of their ease of design
and operation.
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11.2.1.3. Plug Flow Reactor (PFR)

The presumption of fully developed flow in a filled pipe is that the fluid flows with a flat velocity
profile at any location and at any time. This presumption holds good; every cross-section can be
seen moving like a plug. Since the same flow regime of a flat velocity profile occurs in a tube-shaped
reactor, this reactor is uniquely and appropriately named a plug flow reactor (PFR). In PFR, only
lateral or radial mixing is permitted. This means that the composition varies only axially and not
radially or temporally. Hence, in an ideal PFR, all fluid particles get the same residence time. The
local reactant concentration is only a function of the distance from the entry. MFR is known for the
complete mixing of the reaction mixture, whereas ideal PFR is known for complete lateral mixing
without a back mix or fluid overtake. Hence, PFR has also been named an unmixed, slug, or piston
flow reactor.

Our intestines are the nearest example of PFRs. Industrially, PFRs are used as fixed bed catalytic
reactors, packed tower-type reactors, tubular reactors, shell and tube heat exchangers, double pipe
heat exchangers, sieve tray towers, trickle bed reactors, etc. These reactors are extensively used in
the polymerization of ethylene to low-density polyethylene, hydrolysis of ethylene oxide to ethyl-
ene glycol, formation of NH; from Haber’s process, methanol formation reaction, steam reforming
reaction, air oxidation of methanol to formaldehyde, oxidation of SO, to SO; in sulphuric acid
manufacturing, oxidation of ethylene to ethylene oxide, steam cracking-based olefins production,
splitting of edible oil to fatty acids, hydrocracking of heavy gas oil, and hydrodenitrogenation of
lube oil distillate.”

In ideal PFR, the fluid properties and the flow properties vary only axially. Any location always
sees the exact composition of the reaction mixture. Therefore, the performance equations of the
ideal PFR can be given as follows:

XA
dx
V= FA0 4 Equation 11.5
0 (_FA)
X
' dX, _
Tp = C’A0 I Equation 11.6
0 (_FA)

where, [ P Molar flow rate of limiting reactant, kmol/s

C 4= Molar concentration of limiting reactant A, kmol/m?

X

4 = Fractional conversion of limiting reactant A

(—r A) = Rate of reaction
V' = Working volume of the reactor, m?

T p = Time velocity of the PFR, s

For a positive order reaction, plug flow reactors require the minimum volume among all types of
continuous flow reactors. The volume required by an ideal PFR is much smaller than that required
by an ideal MFR, particularly for a higher-order reaction with a higher desired conversion. PFR
does not use moving mechanical parts; hence, it is suitable for reaction systems involving high
pressures, corrosive materials, or toxic gases. These qualities render the cost per unit production
volume from PFR higher than from MFR. Given the high investment and operational costs for lower
conversions, PFR is unsuitable for lower-order reactions. Table 11.1 summarizes the pros and cons
of various reactor designs.
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TABLE 11.1

Advantages and Disadvantages of Various Reactor Designs'?

Reactor Phases involved
geometry
Mixed flow or Homogeneous L-L
stirred tank and
reactor heterogeneous
G-L and L-S
(finely
suspended)
Plug flow or Primarily gaseous
tubular reactor  and some L-L
reactions
Packed bed G-S, L-S, G-L-S
reactor (for gas-phase
reaction using a
solid catalyst)
Fluidized bed  G-S, L-S, G-L-S
reactor For gas-solid
noncatalytic
reactions,

fluidized beds are
always used

Also used for
gas-phase
reactions using a
solid catalyst

Advantages

Continuous operation

Good temperature control

Easily adaptable for
two-phase systems

Simple construction

Low operating (labor) cost

Easy to clean

High conversion/unit
(~75%)

Low operating (labor) cost

Good heat transfer

Highest conversion (~95%)
per unit catalyst weight
for most reactions in the
catalytic reactor

Good mixing

High transfer rates

Uniform temperature

Good temperature control

Suitable for a high rate of
catalyst deactivation/
frequent regeneration

Allows continuous
regeneration through use
of an auxiliary loop

Can handle large amounts
of feed and solids

G, L, and S refer to the gas, liquid, and solid phases, respectively.

Disadvantages

Lowest conversion/unit
volume (requires
large reactor size for
high conversion)

Bypassing and
channeling problems
for poor agitation

Low heat/mass transfer
rates*

Undesirable thermal
gradient

Temperature control is
difficult (hot spot
formation for
exothermic reactions)

Shutdown and cleaning
are expensive

Poor heat transfer

Poor temperature
control

Catalyst replacement
difficult

It cannot be used for
very small catalyst
particle sizes

Channeling of fluid
flow and ineffective
use of reactor bed

Low conversion
(~32%) due to the
severe bypassing of
reactant gas

Catalyst attrition and
dust formation due to
severe agitation

Uncertain scale-up

Specific
applications

Any process requiring high
heat and mass transfer
rates

When different
concentration streams are
required, CSTRs are used
in a series

Continuous production

Fast reaction on a large
scale for both
homogeneous and
heterogeneous systems

Thermal cracking of ethane

Thermal decomposition of
dichloroethane to vinyl
chloride

Most common for
high-temperature catalytic
reactions and gas
conversions

- Ammonia synthesis

- Oxidation of SO,

- Isomerization of n-alkanes

- Reaction of benzene with
ethylene/propylene to form
ethylbenzene/cumene

Heterogeneous reactions
such as coal combustion,
coal gasification, biomass
pyrolysis, fluidized coking/
polymerization, catalytic
cracking of heavy oil, and
use of calcium carbonate
to fix H,S in the petroleum
industry

*Reduced dimensions required for improved transfer rates and geometry such as tube bundles in shell and tube heat

exchanger.
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11.2.2 NoON-IDEAL REACTORS

Non-ideal reactors are deviations from the ideal reactors’ flow patterns. These non-ideal reactors
exist by design and are used widely to serve various aims. For example, a dead volume occurs in an
MEFR where the flow-caused mixing cannot reach. Such a reactor is used in fermentation industries,
for example, wineries, and the dead volume acts as the inbuilt bacteria-culture bank. Baffles in the
MFR enhance mixing but present dead volumes in their vicinities.

Similarly, catalytic converters in automobiles are packed catalytic beds put in the path of an
otherwise PFR design. This placement allows all the vehicular exhausts to undergo the catalytic
process but causes lateral mixing. Hence, an ideal PFR model cannot correctly model the behavior
there and invites the model to be considered non-ideal. Tanks-in-series and dispersion models are
the most used models for analyzing non-ideal flow reactors. Batch reactors are also not deprived
of non-idealities. All microbial and biochemical processes utilize the growth of microbial cultures
in a controlled setup. These setups are incubated as batch reactors. However, these microbes are
living organisms and therefore die upon aging. Accordingly, population replenishment is required
and achieved through the periodical introduction of the new culture. This inflow of microbes, the
reactants of the biochemical production process, causes the non-ideality in the otherwise batch reac-
tor behavior. Therefore, such an arrangement is termed a semi-batch reactor.

Industry never uses a single reactor to achieve the target output. This is partially because no
single reactor can perfectly model the actual reaction pattern and partially because every reactor
can only partly execute the reaction. For example, our mouth, stomach, and intestine cannot on
their own digest food completely. A network of reactors is preferred to complete the reaction to the
farthest extent in the shortest duration.

11.3 REACTOR NETWORKING

The mouth chews food while mixing it with saliva to break the starches. Since we bite food and take
time to chew it before taking another bite, the mouth can be deemed a batch reactor. However, the con-
tinuous addition of saliva makes the mouth a semi-batch reactor. The esophagus acts as a peristaltic
pipeline to get mouth-chewed food to the stomach. The chewed food is mixed with various digestive
juices in the stomach, and the food components are processed into simpler products.”* The stomach
resembles MFR because of the food movement’s inherent inflow and outflow pattern. Then, the food
reaches the intestines. The food moves linearly outwards while the nutrients are absorbed into the
blood through the intestinal walls. Although the food propagation resembles PFR, given the nutri-
ent absorption, the intestines are better modeled as non-ideal PFR. Overall, the entire digestive tract,
including the mouth, stomach, and intestines, can be seen as a reactor network having a semi-batch,
an MFR, and a non-ideal PFR arranged in a series. If any one of these malfunctions, then the whole
network goes awry. The same happens to industrial reactor networks when any component reactor
malfunctions. Hence, industries, as a rule, keep a parallel line on standby so that the production load
can be transferred to one line while the components of the parallel line undergo periodic maintenance.

Each reactor model equation can be transformed to describe a relation between the reciprocal of

|
the reaction rate %_ ’ ) and the limiting reactant’s conversion X ,. Each of these graphs presents
4

a distinctive area under the curve that signifies the volume of the reactor required to achieve the
target conversion. Table 11.2 lists the relations and their typical graphs. It is self-explanatory that
any reactor in a series of reactors has the feed conversion the same as the exit conversion of the pre-
ceding unit, which in the case of the series starting reactor is zero. PFR requires a smaller volume
for the exact conversion, as shown in Figure 11.3. The critical thing to remember here is that MFR
has faster output delivery, but PFR has a higher degree of product conversion. Thus, based on the
process requirements, various volumes and shapes of reactors can be arranged in a series, parallel,
or a combination thereof to obtain the required conversion.
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TABLE 11.2

Performance Equations of Ideal Reactors and their Graphical Representations

Ideal reactor type

1. Batch Reactor
(BR)

2. Mixed Flow Reactor
(MFR)

3. Plug Flow Reactor
(PFR)

Equation
LA XU
FAO 0 (_rA)

LA o
FAO (_rA )exit

Characteristic performance plot®

/

\

Conditions
within reactor

and at exit
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FIGURE 11.3  Size comparison of MFR and PFR.¢

11.4 ADDITIONAL DESIGN CONSIDERATIONS FOR REAL REACTORS

In laboratory experiments, we are usually not concerned with heat-related problems such as vapor
generation, heat removal, or heat accumulation. In a test tube or small setups, which are natu-
rally cooled by the ambient air, the heat problems do not grow to become significant. However,
heat-related issues can be gigantic at the industrial plant level. Therefore, as a standard design
principle, some additional considerations are deemed prudent in the process design of reactors.
For example, an impeller and baffles are required in MFR for proper mixing and temperature and
concentration homogenization. Impeller design is based on the reaction mixture’s required mixing
intensity, vessel capacity, and viscosity. Extra volume (typically 40-50% of the reactor volume) is
given to accommodate the generated vapors and for droplet disengagement and defoaming. Internal
immersed coils or outer jackets are installed to provide the required heat exchange. In PFR, long
cylindrical tubes can be put in a coiled manner to save space. However, this entails a pressure drop
and heat loss that may need further compensation. In addition, the length-to-diameter ratio should
be kept at more than 20 to minimize lateral mixing.

11.5 CONCLUSION

Process equipment design is one of the few white-collar jobs in the primarily blue-collar field of
chemical engineering professions. To create a design, one needs extensive knowledge of all chemi-
cal engineering core subjects and an integrating approach toward their wholesome application. A
reactor, which looks simple from afar, involves the diligent determination of process parameters
and production requirements and careful consideration of the means. Hence, this chapter aimed to
acquaint chemistry background readers with a basic understanding of chemical reaction engineer-
ing and chemical reactor design. Simply put, chemical reaction engineering is the superimposition
of chemical kinetics on single-phase/multi-phase fluid flow. Similarly, process equipment design
involves designing the vessels and facilities that can either carry out or help carry out the chemical
reactions at a large scale efficiently and safely.

FURTHER READING

Readers are highly encouraged to study the referred texts for a holistic view of the presented chap-
ter. References 2 and 8 are classic undergraduate-level textbooks of chemical reaction engineering.
References 4, 6, and 7 are advanced books and offer broader coverage of reaction engineering
details. References 3 and 9 are undergraduate-level textbooks of process equipment design and
provide a wholesome course on the detailed design methods of various process plant components.
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12 Future Aspects of
Dehydrogenative Reactions

Rama Gaur and Syed Shahabuddin

12.1 INTRODUCTION

Dehydrogenative reactions have been proven to be of great importance in a number of important
applications, including the following.

1. Catalysis: Dehydrogenative reactions are commonly used in catalysis to remove hydrogen
atoms from organic molecules, leading to the formation of new carbon-carbon bonds or
carbon-heteroatom bonds. This approach has found applications in the production of phar-
maceuticals, agrochemicals, and fine chemicals.

2. Energy storage: Dehydrogenative reactions can be used to store hydrogen for use in fuel
cells, which are important for producing clean energy. This approach involves the use of
materials such as metal hydrides, which can release hydrogen upon dehydrogenation.

3. Polymer synthesis: Dehydrogenative reactions are used in the synthesis of polymers, where
hydrogen atoms are removed from monomers to form new bonds between carbon atoms.
This approach is important for producing high-performance materials, such as conductive
polymers, optical materials, and liquid crystals.

4. Materials science: Dehydrogenative reactions are important in the development of new
materials, such as porous materials and metal-organic frameworks. These materials can be
used for gas storage, separation, and catalysis.

Overall, dehydrogenative reactions play a vital role in a variety of important applications and are
essential for the development of new materials, catalysts, and energy storage systems. Tremendous
growth has been observed in the applications of dehydrogenative reactions toward a better and sustain-
able future. The development or progress of any process demands safety, sustainability, and improved
efficiency. Environmental safety entails minimizing the use of hazardous chemicals and minimal
hazardous manufacturing waste. The use of green chemicals and catalysts and eco-friendly methods
not only aids in enhancing the effectiveness of the process but also makes it an environmentally
friendly and sustainable approach. Several such perspectives are discussed as follows.

12.2 DEVELOPMENT OF THE EXISTING CATALYTIC TECHNOLOGIES
VIA THE DESIGNING OF MORE SELECTIVE, ACTIVE CATALYSTS

A series of important organic reagents such as aldehydes, esters, ether, and acids, which are exten-
sively used in the synthesis of organic compounds, are primarily derived from dehydrogenative
reactions. For instance, organic esters are synthesized by the dehydrogenation of primary alcohols,
which is a widely exploited, environmentally friendly method but suffers from the limitation of poor
yield. The development of catalytic technologies by introducing catalysts to the reaction process
will add value to the synthetic methodology. Onoda and Fujita reported the use of iridium-based
catalyst with catalytic function switching to increase the yield up to 92% and 89% for both dehydro-
genative esterification and dehydrative etherification, respectively (Onoda & Fujita, 2022).
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12.3 DEVELOPING SUSTAINABLE, ECO-FRIENDLY, AND
GREEN DEHYDROGENATION TECHNOLOGIES

Dehydrogenation reactions pose a challenge and are not thermodynamically favorable. Traditional
methods for dehydrogenating different substrates involve the use of high pressure and temperature,
considerable amounts of oxidizing agents, and sacrificial hydrogen acceptors. However, these meth-
ods have limitations such as harsh reaction environments, poor selectivity, and the formation of
organic and inorganic waste material in significant amounts. To address these limitations, sustain-
able acceptorless approaches for dehydrogenation reactions have been introduced by utilizing light
and photocatalysts. These photocatalytic acceptorless dehydrogenation (PAD) reactions have been
successfully applied to various organic molecules, including amines, alcohols, acids, and passive
substrates. The realization of PADs for activating molecules with low energy opens possibilities for
further growth and development and promotes the use of sustainable, economical, and environmen-
tally friendly methods (Verma, 2022).

PADs are viewed as a sustainable approach to meet future demands as hydrogen is considered
one of the green by-products obtained through these reactions. According to the reports available
about PADs, their use is presently limited to only a few types of substrates, indicating that there is
considerable potential for future expansion and development. Steps toward the scale-up of PADs are
highly desirable for sustainable growth and future advancements (Verma, 2022).

12.4 SELECTIVE HYDROGEN OXIDATION: DESIGN AND DEVELOPMENT
OF A NOVEL CATALYST AND FACILE PROCESS

Catalysts play an important role in selective hydrogen oxidation by improving the selectivity and yield.
Several catalyst materials based on transition metal compounds (TMCs) have been reported to be
widely used because of their multiple oxidation states, stability, high activity, and ease of processing.
Despite incredible progress in the field, some challenges still need to be addressed. One of the
important constraints is the development of a competent enantioselective heterogeneous catalyst for
the synthesis of methods for the highly in-demand enantiomeric heterocyclic compound relevant to
the pharmaceutical industry. Compared to other contemporaneous routes, the synthesis of enantio-
meric heterocyclic compounds via the application of heterogeneous transition metal catalysts has
been less explored to date. Normally, acceptorless dehydrogenation coupling (ADC) reactions are
performed at high temperature and involve stoichiometric reagents. However, asymmetric reactions
desire milder reaction conditions to obtain products possessing high chirality. Thus, a cautious
chiral catalyst fabrication technique is highly desirable for the synthesis of highly enantioselec-
tive and pure heterocycle compounds. Furthermore, the synthesis of these heterocyclic compounds
has been extensively studied using noble metal-based homogeneous and heterogeneous catalysts.
However, investigations into earth-abundant heterogeneous catalysts belonging to the 3d-transition
metal series that can give competent results to that of noble metal catalysts are highly desirable.
The potential of TMCs has still not been explored regarding their worth in dehydrogenative
reactions such as alcohol oxidation to carbonyl compounds. According to the available reports,
commonly used catalysts for organic transformations involve the use of noble metals and their com-
plexes. These catalysts suffer from limitations such as they are expensive, have low abundance, have
poor recyclability, etc. (Toyooka & Fujita, 2020; Awasthi & Singh, 2019; Cherepakhin & Williams,
2018; Sarbajna et al., 2017; Mittal & Awasthi, 2019). To overcome these limitations, efforts have
been made to heterogenize the catalyst by incorporating transition metals such as Mn, Co, Ni, etc.
to improve the conversion efficiency, regenerability, and reutility of the catalyst (Mittal et al., 2020;
Chen et al., 2021; Mittal et al., 2020; Pradhan et al., 2020; Dai et al., 2017; Shao et al., 2018). Mixed
TMCs with a spinel structure are recognized as having a varied chemical structure, a high surface
area, and higher active sites in contrast to simple metal oxides. Hence, they offer better conversion
for the reactions (Gawande et al., 2012; Yuan et al., 2014). For example, zinc catalysis is generally
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restricted to Lewis acid-mediated reactions because of its reduced redox performance, where only
two oxidation states (0 and +2) are possible. Nevertheless, in recent times, oxidation reactions using
hydroperoxides and catalyzed by zinc (II) have been increasingly explored. In contrast, cobalt
has received considerable attention in catalysis over the years due to its earth-abundance, afford-
ability, non-toxicity, and excellent redox behaviour (Mittal & Awasthi, 2021; Chen et al., 2021).
Dehydrogenative oxidation reactions have not been investigated for their potential use with spinel-
structured mixed TMCs (Mittal, R., & Awasthi, S. K. 2022).

Mittal and Awasthi showed the development of a bimetallic oxide catalyst for the dehydrogena-
tive oxidation reactions of alcohols. The practical application of this method was demonstrated by
using a ZCO-1 catalyst to carry out the gram-scale synthesis of valuable chemicals such as tere-
phthalic acid, nicotinic acid, and succinic acid.

Likewise, Garcia-Mufioz et al. documented the photocatalytic potential of mesoporous TiO,
catalysts grafted with iron for generating hydrogen from water-ethanol mixtures in the gas phase
(Garcia-Munoz et al., 2022).

In general, dehydrogenation reactions possess a high activation barrier and thus require an ele-
vated temperature to operate. This challenge can be overcome by the use of metals with suitable
ligand systems so that the process can be achieved under mild conditions. In addition, the use of
chiral ancillary ligands with achiral/chiral metal complexes promotes asymmetric induction and
results in enantioselective synthesis. Single-pot synthesis of N-heterocyclic compounds can easily
be accomplished by activating alcohols or amines through transition metal catalysts. Hence, the
development of suitable and efficient transition metal catalysts for the dehydrogenation of organic
substrates has important implications in core-organic synthesis.

12.5 DEVELOPMENT OF MEMBRANE SEPARATION TECHNIQUES FOR
REMOVING HYDROGEN FROM THE DEHYDROGENATION PRODUCT

Membrane technologies are extensively employed in several modern technological processes. In the
chemical industry, membranes are utilized to address numerous issues ranging from improving the
efficiency of specific processes to ensuring compliance with stringent environmental regulations. A
unique synergistic effect is anticipated in the field of membrane catalysis when it becomes feasible
to not only hasten the primary reaction through the use of a catalyst that influences the process
kinetics but also alter the reaction equilibrium towards the products by separating one or more prod-
ucts from the primary reaction volume via membrane separation (Shelepova, & Vedyagin, 2022).

Pd alloy membranes exhibit great potential for H, separation in reactions involving hydrogen
substrates. Gallucci et al. demonstrated the benefits of using Pd-based membranes in various devices
(Gallucci et al., 2007). The statistics of hydrogen separation markets show that Pd membranes are
the most comprehensively researched and used. However, the poisoning of the membrane due to
other metals used is a matter of concern as it affects the separation efficiency. Rahimpour et al.
reported the use of Pd-based membranes in membrane reactors for the production of pure hydrogen
(Rahimpour et al., 2017). It was found that the use of a Pd-based membrane in the reactor increases
the yield of the product and improves the selectivity, and the limitations associated with the thermal
equilibrium are removed. Generally, the use of palladium in alloys with other metals, particularly
silver, to enhance hydrogen permeability is highly recommended (Erdali et al., 2022). Dogan and
coworkers accomplished the effective dehydrogenation of isobutane on a CrOx/Al,O; catalyst in a
membrane reactor (Erdali et al., 2022).

12.6 GREEN, SUSTAINABLE, SAFE, AND ENVIRONMENTALLY
FRIENDLY MANUFACTURING TECHNIQUES

Catalytic dehydrogenative oxidation reactions are a promising approach to achieve carboxylic acid
derivatives from alcohols in a green and sustainable way, as they do not require oxidants and generate
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hydrogen gas as the only by-product. This makes the process atom economic and environmentally
friendly. By utilizing sustainable catalytic processes, it is possible to mitigate environmental con-
cerns, yield value-added products, and capitalize on the value of preparatory reagents while reducing
energy consumption and waste generation (Mittal & Awasthi, 2022). Additionally, this approach
provides an opportunity to explore alcohols as potential hydrogen storage compounds in the future.
Monochromates positively affect the isobutane dehydrogenation performance (Erdali et al., 2022).

A vast array of chemical products are currently available, and they play a significant role in
improving our lives. However, the manufacturing processes used to create these products often
result in the creation of large amounts of waste and a high consumption of energy. For instance, pro-
ducing chemicals in bulk such as aniline and phenol requires multi-step, energy-intensive processes
such as the benzene nitration/reduction and cumene process (Rappoport, 2004; Tyman, 1996; Fiege
et al., 2000; Lawrence & Marshall, 1998). Moreover, the production of fine chemicals including
electronic and pharmaceutical materials involves intricate and accurate preparation, which often
requires the pre-functionalization of substrate by reactions such as boronation, halogenation, etc.
and the use of stoichiometric reagents. However, the current manufacturing processes for these
compounds frequently employ toxic procedures using stoichiometric organic- or inorganic-based
oxidizing agents via liquid-phase oxidations. Accordingly, there is a pressing need to reduce or
eliminate the involvement of oxidation processes, including dehydrogenation, oxygenation, and
oxidative functionalization, which has resulted in significant research efforts to develop efficient
catalytic oxidation methods (Anastas & Warner, 1998; Sheldon & Kochi, 1981; Schlégl & Mizuno,
2009). Efficient catalytic oxidation methods that use O, as an oxidizing agent or acceptorless dehy-
drogenation without any oxidants have the potential to be much more environmentally friendly than
traditional processes (Yamaguchi et al., 2022).

12.7 DEVELOPMENT OF NEW CATALYSTS REPLACING
NOXIOUS METALS AND METAL OXIDES

A new method has been developed for combining xanthene with B-keto molecules using MoS,
Quantum Dots (QDs) as a photoredox catalyst under visible light. This approach has several
advantages, including the ability to use non-functionalized starting materials and a wide range of
substrates, mild reaction conditions, the use of water as a solvent, and the catalyst’s ability to be
recycled up to six times without a loss of yield or selectivity. A study also investigated the kinetic
solvent isotope effect (KSIE) and endorsed the reductive quenching mechanism of QD photocata-
lysts through a cyclic-voltammetric study (Deore & De, 2022).

A promising method for producing carboxylic acids is the use of water and hydroxides for the
catalytic ADC of alcohols. This protocol is gaining attention due to its abilities of producing only H,
gas as a by-product, avoiding the use of external additives and oxidizing agents, and possessing eco-
friendliness and high atom economy. Milstein et al. introduced a PNN-Ru complex that efficiently
converted benzylic or aliphatic alcohols into carboxylic acids in alkaline solutions. This pioneering
research has since inspired several scientists to develop various catalytic systems for this process
(Wu et al., 2022). Because of their exceptional c-electron donating properties, N-heterocyclic car-
benes have been identified as the exclusive group of auxiliary ligands in a wide variety of metal
complexes. Wu et al. reported the use of monodentate NHC-Ru complex with a miniscule loading of
Ru (62.5 ppm) for widespread investigation, and the gram-scale production of numerous carboxylic
acids was attained in open air (Wu et al., 2022).

12.8 DEVELOPMENT OF REFORMED HETEROGENEOUS
CATALYSTS VIA SURFACE MODIFICATIONS

Typically, the dehydrogenative coupling reaction of silanes with alcohols employs precious metal
complexes as catalysts and strong organic bases However, these catalysts are difficult to separate
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from the catalytic system and can lead to the self-polymerization of silanes in the presence of strong
organic bases. To address these issues, researchers have developed a new catalyst called Pd/PDVB-
Vim, which utilizes the coordination of imidazolium nitrogen with palladium nanoparticles (Pd
NPs). This alkaline imidazole-functionalized porous organic polymer is designed to overcome the
limitations of traditional catalysts. The Pd/PDVB-Vim catalyst has been characterized and applied
in the dehydrogenative coupling reaction of silanes with alcohols under mild conditions (30°C). The
results of the characterization show that the Pd NPs are uniformly dispersed on PDVB-Vim with an
ultrasmall particle size (approximately 2.00 nm). Furthermore, the strong interaction between the
nitrogen on PDVB-Vim and the Pd NPs is evident in Pd/PDVB-Vim, which leads to the catalyst’s
superior stability and reusability (Liu et al., 2022).

Using water as a reaction medium is difficult because organic molecules are generally insoluble
in water. However, self-assembled structures such as micelles and vesicles can serve as nanoreac-
tors to facilitate organic reactions in water. In pursuit of performing a chemical reaction in water,
researchers have explored the potential of using these self-assembled structures as nanoreactors
(Kulshrestha et al., 2022). Kulshrestha et al. developed environmentally friendly surfactants by
synthesizing copper-based ionic liquids using amino acids such as phenylalanine or valine. They
then used these surfactants to construct metallovesicles, which were employed as nano-catalytic
reactors for the formation of carbon-carbon bonds in propargyl amines under oxidative conditions
(Kulshrestha et al., 2022).

The researchers observed that the chirality of the amino acid is retained in (AAC1,),(CuCl,),
which suggests that this approach may be a promising method for the one-pot synthesis of chiral
compounds in a more environmentally friendly manner for future pharmaceutical manufacturing
and other Cu(II) catalyzed reactions (Kulshrestha et al., 2022).

In this study, a series of biologically significant 2-amino-4H-chromenes with various substitu-
ents were synthesized using a one-pot multicomponent reaction. The reaction was catalyzed by
p-cymene Ru(II) organometallic complexes that included N-O chelated carbazole-based hydrazone
ligands (Tamilthendral et al., 2022).

Song and colleagues developed a new catalyst, called Pd/PDVB-Vim, for the improved cata-
lytic dehydrogenative coupling of silanes with alcohols. The catalyst utilizes the strong interac-
tion between imidazolium nitrogen and Pd NPs and is constructed using imidazole-functionalized
porous organic polymer to stabilize the Pd NPs (Liu et al., 2022).

12.9 EFFICIENT HETEROGENIZED-HOMOGENEOUS CATALYST
DEVELOPMENT FOR MODIFIED DEHYDROGENATION REACTIONS

The search for strategies to form carbon-heteroatom bonds is a constant focus of synthetic
organic chemistry, as it creates new possibilities for the synthesis of functional organic molecules.
Recently, the functionalization of the C-H bond has arisen as a favorable technique in modern
organic synthesis due to its many inherent benefits. However, several reported approaches have
significant drawbacks. For example, they often require oxidants, expensive and sensitive metal
catalysts and additives, toxic organic reagents, complex purification processes, and harsh reaction
environments. Consequently, synthetic chemists are increasingly turning to green approaches for
the functionalization of C-H for the preparation of valorized chemicals and reactions. Although
C(sp3)-H functionalization has been reported to be emerging among the C-H bond functionaliza-
tions (4), it remains a thought-provoking endeavour, mainly due to low selectivity and no activation
(Brahmachari et al., 2022).

The ADC of alcohols and water/hydroxides is an emerging and elegant method for producing
carboxylic acids. Consequently, there is high demand for the development of effective and useful
catalysts or catalytic systems for these striking transformations. In this context, Wu et al. devel-
oped a series of cyclometallated N-heterocyclic carbene-Ru (NHC-Ru) complexes via the tuning of
ligand (Ru-1), which was the better complex in the preceding work (Wu et al., 2022).
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The advantages of a hydrogen economy are clear, although substantial investigation is neces-
sary to achieve the necessary technological developments. Formic acid is considered an eco-
friendly material for hydrogen storage due to its non-toxicity and facile storage. Formic acid is
widely used for dehydrogenation reactions and results in only gaseous products (H,/CO). The
production of formic acid can release only gaseous products (H,/CO) through dehydrogena-
tion. CO can also be converted back into formic acid using catalysts under moderate conditions,
resulting in a CO-neutral hydrogen storage cycle. This conversion process involves the use of
nano-heterogeneous catalysts such as Au and Pd, which are used in aqueous formic acid under
optimum temperature (20-50 °C). However, during the progress of the reactions, the chemical
intermediates get adsorbed on the surface of nanoparticle surfaces and thus deactivate the Pd
monometallic systems. Recent research has resulted in the development of high-performance
catalysts, including bi- and tri-metallic Pd and Au combinations that produce high-grade H, with
insignificant CO. The direct formic acid fuel cell (DFAFC) is an important advance towards
model development, scale-up, and commercialization. Nonetheless, further research is necessary,
particularly for mobile applications.

Yu and Pickup marked the significant prospects of developing DFAFC in their scale up and
commercialization (Yu & Pickup, 2008). The authors demonstrated the use of high-performance
nanocatalysts for the production of high-quality H, with minimal CO concentration. Furthermore,
the CO generated can be converted into formic acid, resulting in a neutral CO hydrogen.

12.10 DEVELOPMENT OF DEHYDROGENATIVE TECHNOLOGIES
FOR HYDROGEN ENERGY STORAGE AND UTILIZATION

The performance of the catalytic material for both the dehydrogenation and the hydrogenation steps
can be ameliorated further by removing by-products from the equation. The advancement of dehy-
drogenative technology signifies a crucial achievement in the pursuit of effective storage and use
of hydrogen energy. These state-of-the-art advancements provide an environmentally friendly and
adaptable answer to the difficulties of storing and using hydrogen as a renewable energy resource.
Dehydrogenation procedures entail the liberation of hydrogen from diverse hydrogen-rich sub-
stances, such as ammonia, alcohols, or hydrocarbons, often employing catalysts and heat. This
innovative method allows for the development of small, densely packed hydrogen storage devices
and simplifies the incorporation of hydrogen into many energy applications, including fuel cells for
transportation and large-scale energy storage. Dehydrogenative technologies are playing a crucial
role in the advancement of green energy by reducing energy losses and improving the hydrogen
economy. These technologies provide a cleaner, more accessible, and effective method for storing
and using hydrogen.
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13 Utilizing Ruthenium (Ru)
Complexes in Dehydration
Reactions of Saturated and
Unsaturated Compounds

Khushbu G. Patel and Saami Ahmed

13.1 INTRODUCTION

Ru is a platinum group metal that along with Rh Pd, Os, and Ir, has an atomic number of 44. It is
incredibly uncommon in the crust of the earth, occurring in parts per billion in ores that also include
several other platinum group elements. Ruthenium is a strong, lustrous metal that is silvery-white
and has a glossy surface. There are 7 stable isotopes in it. Ru and its complexes are mostly used
to measure the levels of ferritin, calcitonin, cyclosporine, and folate in the human body for illness
diagnosis. Immunosuppressant, antibacterial, and anticancer activities are the main focus of treat-
ment. It is also used as a catalyst in various organic and inorganic reactions. Ru’s coordination and
organometallic chemistry has recently grown significantly.

Although abundant literature has been reported about iridium-based catalysts for alkane dehydro-
genation, very few works have been published on ruthenium catalysts for the same. Indeed, catalytic
complexes of ruthenium have already proven to be a great precursor and have significant applica-
tions in various organic transformations such as olefin metathesis and asymmetric hydrogenation.
Ruthenium metal is approximately 10 times less expensive than iridium metal, and moreover, the
inertness of ruthenium towards various polar functional groups and impurities makes it more a
promising dehydrogenation catalyst. The advancement towards exploring the potential application of
ruthenium-based dehydrogenation catalysts is a tremendous achievement. Ruthenium is photolytically
active in Pt/TiO,/RuO, and in complexes of the [tris(2,2-bipyridine)ruthenium(II)}** kind. Due to the
systems’ photoactivity, they can produce hydrogen and oxygen from water [, 2].

In this chapter, contemporary investigations on experimental and theoretical aspects were con-
ducted to highlight the remarkable characteristics of ruthenium catalysts to dehydrogenate alcohols,
acid, and alkenes in the aqueous phase.

13.2 ALCOHOL DEHYDROGENATION REACTIONS BASED ON RU

An investigation was carried out to study alcohol as a hydrogen-storing organic compound where
an atom economic reaction of alcohol dehydrogenation was taken into account, which produces
carboxylic acid and hydrogen gas and can be used as a fuel [3]. Reported in 2016, the catalytic dehy-
drogenation of alcohol to produce oxidatively synthesized carboxylic acid by employing Ir-, Rh-,
and Ru-based metal complexes was investigated in contrast to ruthenium pincer complex-mediated
acceptorless dehydrogenated alcohol [4]. Figure (Scheme) 13.1 shows alcohol dehydrogenation at
high temperatures (110 °C) and a base concentration in both water and organic solvent.
Mahendraetal in 2019 formulated pyridylamine-ligated arene-Ru(II) complexes to catalyze a
primary alcohol dehydrogenation reaction to form carboxylic acid. Several spectro-analytical
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FIGURE (SCHEME) 13.1  Alcohol dehydrogenation mediated by ruthenium complex to form carboxylic acid.
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FIGURE (SCHEME) 13.2 Stages of Ru-coordinated intermediate in benzyl alcohol dehydrogenation.

techniques are used to describe all the produced Ru complexes, and single crystal X-ray crystal-
lography is used to identify the arrangement of atoms in the structures of complexes [Ru]-1, [Ru]-2,
and [Ru]-5. The conversion of primary alcohol to carboxylic acid or its salt along with the release of
hydrogen gas in the presence of toluene as a solvent has been studied. To produce the desired car-
boxylic acid (approximately 86%) along with hydrogen gas production from diverse forms of alco-
hol such as aliphatic, aromatic, hetero aromatic alcohol, etc., a suitable method must be employed.
Under catalytic and regulated reaction conditions, the intermediate coordinated with the Ru catalyst
such as diol Ru species has been investigated to determine the clear route of the mechanism fol-
lowed by the arene Ru catalyst [5].

According to Liu et al. 2019, a hybrid N-heterocyclic carbene (NHC)-phosphine-phosphine
ligand (CPP) that is produced in situ from [Ru(COD)Cl,] can be used to selectively catalyze the
dehydrogenation reaction of turning primary alcohol into carboxylic acids.

By employing nuclear magnetic resonance spectroscopy (NMR) over a reaction mixture, the
facial geometry of ruthenium complex was discovered. The fac-ruthenium catalyst exhibits a great
turnover number of 20,000 with strong catalytic activity, high stability, and a wider substrate range
at a very low catalyst concentration, that is, 0.002 mol%. Both the NHC’s anchoring function and
the hemi-lability of the phosphine were considered to be responsible for the extraordinarily high
catalytic stability. The catalytic complex formed via facial coordination of the CPP ligand with
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FIGURE (SCHEME) 13.3 Conversion of benzyl alcohol into carboxylic acid via Ru-CPP catalytic
dehydrogenation.

TABLE 13.1
Dehydrogenation of Different Primary Alcohols to Carboxylic Acid using Ru-CPP Catalyst?
(Liu et al. 2019)

(o]
0 o 0
/\/“\ )j\ )k N
OH n-CeHiy OH n-Cy1Has OH

2a,79% 2b 95% 2¢90% 24 55%
O (o} Y]
/O/”\ ) /©)‘\ on ol
HCO Ql cl
2¢ 9% 21 92% 20 68%
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S H
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aReaction conditionsw: [Ru(COD)Cl,]n (1 mol%), ligand CPP (1 mol%), alcohol (1 mmol), and KOH (2.0 equiv) in toluene
(4 mL) at 120 °C for 24 h under a nitrogen atmosphere; after the reaction, corresponding acid salts were converted into car-
boxylic acids by treatment with hydrochloric acid (4 mmol); the isolated yield is 99%.

Ru metal exhibits favorable conditions for the dehydrogenation of bulky adamantanyl-methanol,
cholesterol, and sterically hindered alcohol, such as ortho-substituted benzylic alcohols, etc. [6].

In 2017, Wang et al. coordinated an unsymmetrical pyrazolyl-pyridylamino-pyridine ligand with
Ru (IT) metal. Furthermore, by employing X-ray crystallography, NMR, and an elemental analy-
sis, its dimeric pincer-type ruthenium(II)-NNN complexes were determined. This dimeric Ru(II)
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FIGURE (SCHEME) 13.5 Dehydrogenation of alcohol to ketone conversion with an organic and inorganic
Ru-based catalyst.

catalyst shows a high turnover frequency (TOF) of 1.9x10% h™! in the transfer hydrogenation of
ketones and exhibits great catalytic activity in the dehydrogenation reaction of secondary alcohol.

The Ru complex exhibits high catalytic activity due to the presence of a susceptible NH group
and hemilabile coordination of the unsymmetrical ligand [7].

13.2.1  ALIPHATIC VERSUS AROMATIC LIGANDS

Xinzheng Yang in 2013 discovered the catalytic dehydrogenation of ethanol via a pincer ruthenium
and iron complex. By employing density functional theory, a self-promoted mechanism for an ali-
phatic PNP pincer ruthenium complex, a (PNP)Ru(H)CO 1Ru, PNP = N,N"-bis(diphenylphosphine)-
2,6-diaminopyridine-based ethanol dehydrogenation, transferred the proton from the nitrogen of
ligand to the In-Ru complexes by bridging ethanol molecule. The considerable contrast in the mech-
anism of Ru complex with the aromatic and aliphatic pincer ligands has also been examined [8].

To assess the effectiveness of the iron counterpart of 1Ru, (PNP)Fe(H)CO(1Fe) in the cata-
lytic dehydrogenation reaction of ethanol, a computational analysis was explored. The activation
energy required for the dehydrogenation of ethanol in the presence of an Fe-based catalyst is 0.7
kcal/mol, which is less than the amount of energy consumed in the presence of an Ru-based cata-
lyst. Therefore, an economical Fe-based catalyst exhibits high catalytic activity in hydrogen gas
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TABLE 13.2
Transfer Hydrogenation of Ketones? Catalyzed by a Dimeric Ru(Il)-NNN Complex Catalyst
Entry Ketone Time (min.) Yield b (%)

1. 20 95-97

2. Cl (6] 2 97-99

2 97-99

4. F (0] 2 97-99

5 97-99

3

2 97-99

7. CH, 0 3 97-99

Conditions: ketone, 2.0 mmol (0.1 M in 20 mL iPrOH); Ru catalyst, 0.01 mol%; ketone/iPrOK/Ru catalyst = 10000:20:1; 0.1
MPa N2, 82 °C. b Determined by GC analysis.
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generated from ethanol. A potent oxidant-free oxidation was reported by Kim et al., 2006, where
the dehydrogenation of an ample range of acceptor-free alcohol in the presence of a recyclable
ruthenium-based catalyst was carried out. From readily available reagents via a nano synthesis
pathway, the catalyst for dehydrogenation was synthesized [9].
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FIGURE (SCHEME) 13.6 Preparation of the ruthenium catalyst.

TABLE 13.3
Catalytic Dehydrogenation of Various Alcohols with RuAIO(OH) (Kim et al., 2006)
Entry Substrate Product Mol %  Time Temperature Yielda
(Ru) (hr) (O] (%)
1 OH 0 3.0 20 80 >99
2 4.5 36 110 >99
a cl
3 CHO 3.0 5 80 >99
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a Isolated yield
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Tseng et al., 2015, reported that reversible hydrogenation-dehydrogenation reactions between
ketones and alcohols are skillfully accomplished by using a single pre-catalyst HRu(bMepi)(PPh,),
(bMepi = 1,3-bis(6"-methyl-2'-pyridylimino)isoindolate). A series of kinetic and isotopic labelling
studies, intermediate isolation, and assessment of Ru(b,Rpi)(PPh;),Cl (R = H, Me, Cl, OMe, OH)
complexes were used to investigate the mechanism behind the acceptorless catalytic dehydrogena-
tion of alcohol mediated by HRu(bMepi)(PPh,),. For acceptorless alcohol dehydrogenation (AAD),
two mechanisms were proposed: (i) H-elimination via an inner-sphere mechanism and (ii) the
bifunctional transfer of two hydrogens via an outer-sphere mechanism. The process was accom-
plished by isotopic labeling in which the transfer of proton and hydride takes place in a series of
distinct stages. The catalytic modification experiment indicates the significant role of the imine
group present on the bMepi pincer scaffold in alcohol dehydrogenation.

In addition, this H-elimination via an inner-sphere mechanism involving HRu(bMepi)(PPh,), as
a catalyst has been affirmed by kinetic catalyst modification experiments. After the dissociation of
a ligand PPh,, H-elimination takes place, which is a turnover-limiting step [10].
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FIGURE (SCHEME) 13.7 Dehydrogenation of alcohol using an Ru-based catalyst.
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FIGURE (SCHEME) 13.9 Reversible dehydrogenation-hydrogenation reactions catalyzed by Ru complex.
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FIGURE (SCHEME) 13.10 Methanol dehydrogenation by using an Ru-catalyst.

The Ru PNP pincer complexes were first employed as catalysts by Beller et al. [11], which was
later adopted by Milstein and co-workers [12].

In 2019, a methanol reformation mechanism mediated by two ruthenium-based catalysts was
investigated by Beller et al. [13]. The formic acid dehydrogenation was a rate-determining step in
pincer-catalyzed methanol reformation. The accumulation of formic acid during the course of a
reaction significantly alters the pH, which scales down the catalytic activity [14]. As a result, a col-
lective effect was observed by effectively dehydrogenating formic acid below 100 °C. With 40 mmol
KOH, a TON of 8,761 was observed, whereas a reduction in catalyst concentration to 10 mmol leads
to a 13,386 TON.

Initially, methanol gets dehydrogenated to formaldehyde followed by a reaction with water to
produce methylene glycol. Further dehydrogenation produces formic acid, and processing in a final
step generates H, and CO,. Three molecules of hydrogen gas and one molecule of carbon dioxide
are released during the course of the reaction.

In 2017, Sun et al. reported that the Ru-based complex 1 mediated acceptorless dehydrogenation
[15]. In the presence of 1 equiv. of KOtBu in p-xylene, comprehensively 17 secondary alcohols,
including both aliphatic and aromatic alcohols, were oxidized to give 21% yield when catalytic load-
ing was around 0.025 mol%. The formation of the corresponding esters was caused by the use of pri-
mary alcohols. After keeping benzyl alcohol at 50 °C for 48 hrs, 41% benzaldehyde was produced.
In 2017, a dimeric Ru NNN pincer complex 4 was used by Yu and co-workers [16]. In addition to the
hydrogenation of ketones, secondary alcohols’s acceptorless dehydrogenation was also manifested.
At 110 °C, a variety of alcohols were oxidized to their corresponding ketones in the presence of a
0.1 mol% catalyst and 10 mol% KotBu.

Mostly acetophenone derivatives with substituted electron withdrawing or electron releasing
groups tend to exhibit high yield. Inflation by 0.5 mol% in catalytic loading during the conver-
sion of aliphatic or cyclic alcohol results in a high conversion rate. Complex 2 was also discov-
ered to be efficient for secondary alcohol dehydrogenation. Notably, a 0.5 mol% 2 catalyst in
the absence of a base leads to excellent ketone yield (Figure (Scheme) 13.12). In 2017, Wang et
al. reported the requisite of increased catalyst loading of 2 mol%, which was required for the
dehydrogenation of tetrahydroquinolines and indolines to generate aromatic N-heterocyclic
compounds.

Employing an Ru PNP pincer as a catalyst complex 5 in an acceptorless dehydrogenation reac-
tion of primary and secondary alcohol was investigated by Muthaiah’s group [17]. On heating for 24
hours at reflux, with the PNP ligand and a RuCl,(PPh,); precursor, the water soluble complex was
produced (Figure (Scheme) 13.13).
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FIGURE (SCHEME) 13.11 Ruthenium-based pincer complexes applied to the acceptorless dehydrogenation
of alcohols.
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FIGURE (SCHEME) 13.12 Complex 2-mediated acceptorless dehydrogenation of alcohol.

Ru catalysts have been reported to govern the catalytic oxidation of carboxylic acid salt in a
basic medium, in contrast to the report of alcohol acceptorless dehydrogenation being carried out
in an aqueous medium to produce aldehyde and ketones [18—20]. The yield of aliphatic ketones and
aldehyde were found to range from 35% to 75%, whereas the conversion of benzylic substrates to

ketones give high yield. However, a comparatively considerable quantity of 5 mol% catalytic load-
ing was required for the dehydrogenation of water.



Utilizing Ruthenium (Ru) Complexes in Dehydration Reactions 201

28r 281

+ /N +
_-:_\“/— ,'N \Nle =, Nf\\NN—/_]
&- NN pfj RuCl,(PPh3), SN, OIS /)

+N- —e N -

('\ \p toluene (l —\p/ | \PPhg
NN/ reflux, 24h N7

L -2PPhy ¥

wn

FIGURE (SCHEME) 13.13 Ruthenium PNP complex synthesis 5.

13.2.2 DEeHYDROGENATION OF Formic Acip (FA)

Formic acid having a 4.4 wt.% low hydrogen content is also considered suitable as an LOHC [21]. At
298 K, the standard free energy is —7.61 kcal mol™! for dehydrogenation, which makes it exergonic
from a thermodynamic standpoint [22]. Based on previous research, Ru-, Ir-, Fe-, and Co-based pincer
catalytic complexes were developed for FA dehydrogenation. A list of NNN- and NCN-based ruthe-
nium complexes composed of two pyrazol-3-ylbranches was compiled by Nakahara et al. in 2018.

The catalytic activity of the pyrazol rings differed greatly when its 5 position is substituted with
bytrifluoromethyl or tert-butyl groups [23]. When the concentration of both KHMDS and complex
6a is 0.25 mol%, the TON reaches 3,000 in 2 hours, which indicates high catalytic activity.

Syringe pump-continuous dosage of FA in the reaction mixture was given to maintain its concen-
tration. The analogue 6b (TON = 65) produced lower activity due to the significant role of acidity.
Furthermore, the NCN ruthenium complex 7 shows reduced catalytic activity with TON = 660. The
outstanding results were obtained with complex 8, which were obtained by the dehydrochlorina-
tion of 6a. The TON was 3,700 in 2 hours without the presence of a base because of the liberation
of ammonia gas from complex 8. The Beller group explored the catalytic activity of complexes 9a
and 9b, which mark distinct features in methanol dehydrogenation [13]. The catalyst performance
of complex 9b can be enhanced by using a 1 M phosphoric acid/KH,PO, buffer setup. This leads to
a TOF of 9,219 h-!, and the reaction completed in 40 minutes. Meanwhile, dehydrogenation with
N-methylated complex 9b along with the presence of a KOH base takes six hours to complete with
a 26,388 TON. The solvent-dependent complex 10 that mediates formic acid dehydrogenation was
studied by Kawanami et al. in 2019 [24]. At 80 °C, 1,4-dioxane under 20 Mpa H, gas pressure results
in the finest yield. The Baratta group first synthesized another ruthenium complex (11b), which was
later assessed by Beller in FA dehydrogenation [25]. The FA dehydrogenation with a cyclometalated
ruthenium CNN catalytic complex yielded 96% product under a neutral reaction medium and was
completed in 22 hours with an 11,910 TON. During NMR experiments, the Ru catalytic complex
11b was visible in a basic medium. An evaluation was performed to confirm the role of Complex
11a in the dehydrogenation reaction. Indeed, in the presence of 11b, high catalytic activity with a
TON of 9,085 was obtained in 3 hours under aqueous/triglyme optimal conditions.

13.2.3 DeHYDROGENATION OF C-N BonD BY Ru CATALYST

A brief description in the literature discusses amine dehydrogenation to produce imines or nitriles.
Jensen et al., 2011, reported the secondary amines dehydrogenation to imines [26].

Meanwhile, the conversion of primary amines to nitriles via acceptorless dehydrogenation was
reported by Szymczak et al. [27]. The double dehydrogenation was carried out by a ruthenium
metal-based NNN hydride pincer complex 12. In this way, 16% to 75% yields of respective nitriles
were obtained from aliphatic and aromatic amines. A recent pathway for imine synthesis has been
opened as this system withstands the oxidation of the thioether functional group.
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In addition, this N heterocycles dehydrogenation via acceptorless mechanism was investigated
by Yu and Jones’s group [28]. The acceptorless dehydrogenation of indolines and secondary alco-
hols was also possible using their ruthenium hydride complex.

13.2.4 RUTHENIUM-CATALYZED DEHYDROGENATION OF ALKENE

Alkenes are essential building blocks in a broad dimension of applications, from petrochemistry to
natural product synthesis. The main constituents of petroleum and natural gas are alkanes, the most
ample and economical hydrocarbons. By Fischer Tropsch synthesis, an extensive range of hydrocar-
bon can be produced from ‘syngas’ (a gas mixture of CO and H, generated during the gasification
of natural gas, coal, and biomass). Despite the fact that alkanes are primarily used as fuel, their
synthetic utility has been limited. This brings the functionalization of alkanes into trend to generate
more advance and upgraded products.

Olefins are less abundant than alkanes but are exceptionally functional synthetic intermediates in
organic reactions and are extensively explored as raw materials in the chemical industry. The most
explicit and atom-efficient pathway for the conversion of low cost and plenteous alkane feedstock
into olefin is catalytic alkane dehydrogenation (CAD). To break the simple C-H bond of alkanes
during catalytic dehydrogenation, high activation energy is required. Moreover, the wide number of
C-H bonds in alkane makes the selective dehydrogenation quiet challenging.

The dehydrogenation of higher alkanes results in low product selectivity, although some simple
alkanes such as ethane, isobutenem, etc. can be converted into olefin in the presence of hetero-
geneous catalysts under a high temperature of around 500-900 °C, and they have little energy
production. In contrast, the homogeneous catalyst-mediated dehydrogenation of alkane exhibits
sufficient product selectivity and does not require a high temperature [29]. An endothermic accep-
torless alkane dehydrogenation is a direct way to produce alkene and hydrogen gas from alkane.
The high demand of energy for the dehydrogenation reaction could be remunerated by the choice of
a proper sacrificial hydrogen acceptor moiety. The transfer dehydrogenation approach of adding a
hydrogen acceptor allows the course of the reaction to proceed.

In 1984, Felkin et al. reported the transfer dehydrogenation at 150 °C of coenzyme (COA) with
tert-butylethylene (TBE) in the presence of a ruthenium metal-based catalyst, specifically, [(p-F-
CH,);PIRu(H), yield 55 Tos [30]. Leitner and colleagues synthesized a range of advanced ruthenium
bismethallyl catalytic complexes that had bidentate chelating phosphines ligand [Cy,P(CH,)nPCly,]
Ru(3-C,H,) (n = 1,2,3) and catalyzed the acceptorless dehydrogenation of COA [31]. However, the
TOF and TON for the degradation reaction was lower by 1.9 h™'and 5 h, respectively, after 2 days
due to ligand degradation under dehydrogenation conditions.

In 2011, Roddick and coworkers developed a powerful ruthenium dehydrogenation catalyst. For
COA transfer and acceptorless dehydrogenation, they synthesized a pincer ruthenium metal-based
complex with ligand €F?PCPCF32)Ru(H)(COD) 14 (Figure (Scheme) 13.16) [32]. At 200 °C, the

[Cy2P(CH2)nPCy2]Ru
e e + H
170 °C, 48 hr

XN
Z

(F3C),P~—Ry—P(CF 2
H” &

14 ",

FIGURE (SCHEME) 13.16 [Cy,P(CH,)nPCy,]Ru catalyst for the transfer dehydrogenation of alkene.
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thermal degradation of 14 in the presence of an equimolar mixture of COA and TBE yielded a
TOF and total TON of 170 hr! and 230, respectively, which was equivalent to those of (B“2PCPtB2)
Ir(H),. However, the complete degradation of the catalyst at 200 °C within half an hour resulted in
adecline in TON. Also investigated was COA acceptorless dehydrogenation by 14. By refluxing for
1 hour the COA solution of 14 at 140 °C and 590 Torr pressure, 10 Tos of cyclooctane (COE) was
produced at a rate of 14 h~!. The bulkiness of ligand and its electron-withdrawing nature could play
a significant role in alkane dehydrogenation. Surprisingly, this catalytic-driven Figure (Scheme) is
not affected by the addition of O,, H,O, or even N,.

13.3 CONCLUSION

In the area of the coordination and organometallic chemistry of Ru, there has been a notable
increase in research and assessment during recent years. Numerous articles have lately been pub-
lished on the development of Ru-based compounds and their uses in a variety of fields, including
medicine, catalysis, biology, nanoscience, redox, and photoactive materials. These advancements
may be connected to Ru’s exceptional capacity to exist in a variety of oxidation states. This chapter
summarized the most recent applications of transition metal Ru-based complexes in catalytic dehy-
drogenation. Dehydrogenations of HC-CH, HC-NH, and HC-OH bonds were specifically unearthed
in the beginning of 2020. Because they offer exceptional activity and good selectivity, heteroge-
neous ruthenium catalysts are among the most frequently used catalysts, particularly for hydroge-
nation and dehydrogenation reactions. Various advanced complexes have been recommended, with
compelling improvements especially in the acceptorless dehydrogenation of acid, nitriles, alkane,
alcohol, and alkenes.

13.4 ABBREVIATIONS

hr.: Hour

Min.: Minutes

°C: Degree centigrade
Ru: Ruthanium

Ir: Iridium

Rh: Rhodium

NHC:  Hybrid N-heterocyclic carbine

CPP: Phosphine-Phosphine ligand

NMR: Nuclear magnetic resonance spectroscopy
TOF: Turnover frequency

PNP: N,N'-bis(diphenylphosphine)-2,6-diaminopyridine
AAD:  Acceptorless alcohol dehydrogenation
PPh;: Triphenylphosphine

COE:  Cyclooctane

Pcy: Tricyclohexylphosphine

TBE: Tris/Borate/EDTA (buffer solution)
0sO,:  Osmium Tetroxide

LOHC: Liquid organic hydrogen carrier
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14.1 INTRODUCTION

Growing the scale of energy production and enhancing the effectiveness of energy conversion pro-
cesses are both necessary to meet the demands of ever-increasing energy consumption whilst mini-
mizing its environmental effect. The hunt has driven the tremendous research effort over the past
ten years for alternative energy sources with low pollution emissions and reasonable costs. Among
these, hydrogen is considered an attractive source of energy generation. Due to its incredibly low
atomic mass, high energy density, and environmentally friendly oxygen oxidation (which produces
just water), hydrogen is a viable energy source. Hydrogen has lately often been stated as a renew-
able energy source [1]. However, nature does not contain pure hydrogen (H,). Hydrogen exists in
the form of hydrocarbons (such as natural gas, crude oil, etc.), synthetic products (such as alcohol,
hydrides, etc.), and finally, water.

Metals or their hydrides, which produce pure hydrogen when exposed to heat or water, might
become viable H, sources for laboratory and mobile units. Although these systems often have poor
efficiency, their usage can mitigate one of hydrogen’s most significant limitations, notably, its low
density [2]. For instance, using hydrogen as a fuel for cars and airplanes is one area where this
limitation is crucial. Some hydrides have hydrogen densities that are significantly greater than lig-
uid H,. A few alloys such as fullerenes, nanotubes, and magnesium hydrides must be mentioned
among the hydrogen transporters. To assure the perceived security of hydrogen storage and usage,
such alloys are used to create cylinders that store enormous volumes of H, at a certain pressure and
release it instantly or with minimal energy. There are various commercial hydrogen-generation
processes, and each has its drawbacks. The simplest and least-expensive processes are coal gasifica-
tion, methane reforming, and other hydrocarbons to produce synthesis gas (a combination of H, and
CO,). Although the methane-water reaction is the most appealing, carbon dioxide creation involves
significant energy absorption, whereas the generation of CO is only moderately exothermic. The
synchronous creation of carbon oxides, which particularly causes certain environmental issues, is
the main drawback of these procedures [3].

Additionally, difficulties with irreversible catalyst degradation arise when fuel cell operation
takes place even in slight amounts of CO present with H,. Thus, to mitigate this and achieve pure
H,, research institutions and commercial enterprises are becoming increasingly interested in mul-
tifunctional reactor designs that integrate reaction and extraction [4]. Along with the potential for
easier segregation and heat regulation and the reduction in the costs of plant equipment and upkeep,
the significant advantage of such an approach originates, first and foremost, from the achievement
of increased conversion and product yield. This drives the primary justification for using membrane
reactors for H, generation through the process of dehydrogenation (DH). The process can go on past
equilibrium conversion because DH’s elimination of hydrogen allows this [5].

However, the utilization of commercial DH procedures under typical demanding circumstances
necessitates membranes with appropriate thermal, mechanical, and chemical resilience in addition
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to good permeability and selectivity [6]. To mitigate the problems of H, storage, a liquid organic H,
carrier (LOHC) appears to be a viable option. Various types of research have been conducted on
LOHC:s since the 1980s, but they have become more popular in the last decade. The main advan-
tage of LOHGC:s is that they are in a liquid state at room temperature, so their transportation and
storage are easy and safe. These compounds are typically heterocyclic organic compounds that can
undergo DH to generate H, and aromatic compounds. Their ability to ensure good thermodynamic
and kinetic stability during the storage of H, signifies their potential merits. They have the capacity
to provide up to (6—8 wt%) more storage than metal hydrides (3wt%). Among LOHCs, methylcyclo-
hexane (MCH) is preferred due to its strong compatibility with the current traditional transportation
system. Having a lower boiling point also ensures that MCH is less volatile and safer. However,
due to the poor biodegradability and acute high aquatic toxicity of MCH, this type of LOHC poses
health hazards to humans. Thus, to ameliorate unfavorable conditions, membranes are used in con-
junction with the catalyst for the maximum production of pure H,. A catalytic membrane reactor
(CMR) integrates porous inorganic membranes, which implements molecular sieve mechanisms
for the proper removal of H, even at high temperatures. CMRs have high mechanical and thermal
stability, thus ensuring the effective removal of H, through the DH process. Moreover, the synthesis
of such membranes is relatively easy. This process is not widely commercialized due to the enor-
mous energy required to extract H, during the process [7-9]. Thus, this chapter provides in-depth
knowledge pertaining to the application of catalytic membrane reactors for the DH of hydrocarbons
to achieve pure H,. H, will become a fuel in the upcoming years; accordingly, these processes are
attractive to researchers.

14.2 THE HISTORY OF MEMBRANE CATALYSIS

A relatively new and quickly growing area of chemistry is membrane catalysis. Russian scientists
contributed significantly to its creation. Its fundamental principles were created less than 50 years
ago. The fast growth of membrane catalysis began towards the end of the 20th century after a phase
of theoretical and experimental knowledge-building throughout the first 20 years. International
conventions and symposiums that place particular emphasis on membrane catalytic reactions and
membrane reactors are organized annually. There has been an exponential growth in the number of
publications, articles, and patents published internationally about membrane reactors and the mech-
anism involved. Since 1994, an international conference about “Catalytic reactions in membrane
reactors” has been conducted every three years under the sponsorship of the European Membrane
Society; the tenth meeting took place in St. Petersburg in June 2011. The advancement and optimi-
zation of the production of membranes for membrane reactors for different applications were the
focuses of the collective monograph, which was released in 2011 [6].

Palladium (Pd)-based composites have an extraordinary capacity to consume enormous quanti-
ties of H,; they were initially identified by T. Graham in 1861 and served as the foundation for the
first membrane reactors. Soviet researchers employed a cylindrical Pd membrane to examine the
process of ethylene hydrogenation over a century later. However, membrane catalysis as a concept
was not developed until the 1960s. Researcher V. M. Gryaznov first demonstrated the advantages
of incorporating catalysts and improving properties in a single substance. He was known as the
pioneer of catalysis in membrane reactors. He along with his colleagues first observed the impact of
the integration of DH and hydrogenation processes on a Pd membrane in 1964 [10].

It has been experimentally demonstrated that when a substance that can emit hydrogen, such as
cyclohexane, is introduced in a Pd tube (reaction zone) while a substance that can soak up hydrogen,
such as o-xylene, is heated inside the reaction zone, benzene could form within the zone while tolu-
ene is produced by o-xylene hydro-alkylation outside the tube in the absence of H, gas. The result
was found more in integrated processes than in individual ones [11]. After some time in the USA,
another technique was identified to convert ethane into ethylene using a Pd membrane where the
membrane was used to separate H,. The ethylene production in this technique was much higher
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than the equilibrium output. Detailed research into reactions involving the absorption and expulsion
of hydrogen on palladium membrane catalysts started with the discovery of these couplings, and
subsequent studies focused on oxidation processes on silver membranes [10].

A significant part of the reactions that were first investigated that utilized membrane catalysts
included the elimination of hydrogen. This is not unexpected given that the membrane-based cata-
lysts would be more effective in these processes, where the rate of conversion in the desired reaction
frequently surpasses the maximum yields, and the specificity of desired product creation frequently
significantly rises [12]. Additionally, this offers the crucial chance to use ultrapure hydrogen that
has gone through the membrane. The curiosity in membrane catalysis skyrocketed around the turn
of the century, and articles in this area began to multiply significantly. The advent of novel mate-
rials, including composites of asymmetric (anisotropic) polymeric and ceramic barriers, which
significantly increase the effectiveness of membrane catalysts, led to the broader practical use of
membrane reactors. The operating temperature range of these membranes is increased, and the
application’s temperature can be raised because of the usage of high thermal stability ceramic mem-
branes [4].

14.3 MAJOR MERITS OF H,-ABSORPTIVE MEMBRANE CATALYSTS IN
SUBSEQUENT REACTIONS WITH THE EXPULSION OF H,

Due to the directed movement of reactants and energy, catalytic membrane devices can boost reac-
tion speeds and selectivity if the subsequent process occurs on the membrane catalyst (MC).

A —B+C )

Conversion of A would be increased by the selective elimination of one of the by-products, such as
product B, over the MC, which equilibrium conditions would constrain. This offers a potent tool to
boost the reaction’s selectivity and pace. The movement of H, from the region of its creation (B = H),
which boosts both the equilibrium output and specificity of the DH, is indeed a specific instance and
the most common illustration of such a process [6].

Accordingly, if by-product B is considered for further processing, then

D+B—E @)

is fed in the process chamber via dispersal across the lamina, allowing autonomous authority of the
interface concentrations of reacting species, D and B, and the inhibition of their competing surface
assimilation. Thus, it is inevitable that just using a traditional modification slows the objective pro-
cess. The ability to perpetuate the appropriate concentration with one stimulant, such as H,, over
the full extent of the catalyst is another benefit of utilizing membrane catalysts. A minimal surface
hydrogen concentration makes things simpler to produce partial hydrogenation by-products without
converting the initial molecule into less-valuable saturated products [8].

The orientation of chemical flows on the opposing side of the cell membrane can be changed as
one technique of regulating its surface concentration anywhere along with the reactor’s duration.
Just on membrane catalysts, hydrogenation results in a drop inside the concentration of hydrogen
along the membrane, whereas DH results in a rise. Because gradients of ionic strength across the
barrier act as the driving force for hydrogen transmission, the velocity of hydrogen transfer with the
identical or opposing passage path of the chemical to be void of H, and the H,-abolishing gas from
the different sides of the layer vary. As a result, distinct H, concentration configurations are created
over the outside layer [2].

This subsequently impacts DH and hydrogenation kinetic models. For instance, it was demon-
strated in several exploratory investigations that counter-flow input of H, and the chemical to be
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hydrolyzed on the separate border of the layer might boost outputs of intermediary hydrogenation
by-products because the hydrogen congregation is maximal at the input of the hydrogenation region
wherein the initial composite is stored, and unwanted hydrogenation of the pertinent outcomes are
rare. H, congregation is at its lowest near the zone’s exit; therefore, thorough hydrogenation might
not be able to provide the requisite saturated result [13].

More significant quantities of hydrogen may get retrieved from the target area in the counter-
flow input phase than in the co-current flow in procedures involving hydrogen discharge, including
water-gas transfer when H, is removed by an inert gas. When a material that crosses the membrane
is created on one surface and consumed on the other surface, the reaction coupling takes place. In
this instance, a membrane catalyst efficiently carries out two processes in parallel within the same
reactor without combining the reactants or end products [14]. The following section discusses the
additional benefits of process coupling in membrane reactors.

14.4 DEHYDROGENATION ON PALLADIUM MEMBRANES

Almost 50 years of research have been spent on a wide range of hydrogen-involved processes in
membrane catalysis. Especially in the case of hydrocarbon DH reactions, where the pace of the
reaction is constrained by thermodynamic equilibrium, membrane catalysts have several benefits.
These processes were initially conducted on palladium tubes that ranged in thickness from 50 to
100 mm, which are known as compact (non-porous) membranes. The circumstances of a few pro-
cedures used on such membranes showed promise for industrial utilization. For example, many
investigations have been conducted regarding the DH processes of cyclohexane to benzene. Due to
the comparatively cold temperatures where such a reaction takes place on a metal catalyst, there
are no unfavorable side reactions that would otherwise cause catalyst carbonization and, eventually,
deactivation. This reaction is thus used as a model [5].

Hydrogen extraction from the reaction can be improved by using palladium alloys. Cyclohexane
conversion might be boosted from 18.7% to 99.5%. Similarly, in isopentane DH, by using Pd alloy
in conjunction with 10% Ni, the yields comprising isoprene and isopentane at 860K are accord-
ingly found to be 18.6% and 10.5%, respectively. Major merits of palladium composite membranes,
which comprise a thin, thick metallic coating on the surface of a strong, porous substrate (preferably
stainless steel), present themselves as the most appealing form of barrier for this purpose because
of their high permeance and perm selectivity. They also ensure near 100% selectivity towards H,
removal [15].

Compact membrane catalysts’ apparent drawbacks include the high palladium price and the need
to operate at above-average temperatures to obtain the necessary efficacy of H, extraction from
the region. Additionally, using membranes that are as low as reasonably achievable is preferable
because, per the Fick law, the hydrogen flux throughout a membrane is inversely related to its thick-
ness for a given driving force [16]. However, the minimum thickness for compact membranes that
are mechanically tolerable is 25 to 30 um. Creating membranes with a robust reinforcement that is
highly accessible to H, and a delicate uninterrupted coating of a Pd agglomerate is necessary for
practical uses of catalytic membrane processes. These membrane catalysts are known as composite
ones.

14.5 DEHYDROGENATION USING A COMPOSITE MEMBRANE CATALYST

These membranes are contrived of contrasting layers with distinct chemical or structural composi-
tions. Among the layers, a particular layer delivers as the substrate, which has absorptive properties
but is mechanically sturdy. A thermally secure and corrosion-resistant oxide is also possible. A
thin catalyst layer, typically made of a palladium alloy, is applied to these macroporous materials.
Typically, this layer ensures catalytic activity and specific hydrogen permeability. The substrate may
occasionally be non-porous yet is extremely permeable to a particular molecule, most frequently H,
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in the processes supporting the study. In addition, it is feasible to employ mediums made from bio-
logical polymers, although this approach is unsuitable for DH procedures requiring relatively high
temperatures since these materials often have poor thermostability [7].

A rather delicate transitional coating of the heat-contumacious compound is frequently put
betwixt both the substratum and the interlayer to achieve a deformative-free surface of the metal
and prevent the collective dispersion of the substratum and catalyst. Since the active layer’s homo-
geneity and thin thickness are crucial to the excellent specificity and effectiveness of composite
membranes, the techniques for depositing it have been the focus of countless studies that are con-
tinually refined. For the implementation of the active layer, many techniques, including deposition
technique, electrochemical redox deposition, chemical vapor deposition (CVD), and plasma blast-
ing, were suggested. The palladium alloy compacted coating cannot be thicker than 200 nm, which
is within the finest composite membranes [17].

Together, all benefits of the compacted membrane catalyst are present in such membranes, nota-
bly selective permeability. However, relative to compact membrane catalysts, the hydrogen flow via
a unit of area is significantly higher, and the quantity of the costlier metal upon the unit volume of
the composites is significantly curtailed. Additionally, the composite membranes may have two or
more pieces of different compact materials. Vanadium, niobium, tantalum, and titanium are reason-
ably cheap metals that are highly permeable to hydrogen. These metals are covered with diffusion
limitations to limit the mutual migration of the metals from separate layers, followed by layers of
biocompatible metal or an alloy that is porous to hydrogen. The vanadium membranes (Pd/SiO,/V)
are covered with silicon dioxide coatings (the resistance layer), and Pd yields the highest hydrogen
flow. Such membranes’ palladium layers serve various purposes, including catalysis and improved
hydrogen transport specificity [18].

These membranes’ substrate transition metals’ surfaces are readily oxidized, and the oxidation
causes a rapid permeability reduction. These transition metals are shielded from oxidation by the
dense palladium covering. Complicated preparation requirements and a shorter operational life than
compact membranes are two drawbacks of composite membrane catalysts. This can be caused by
variations in the mechanical and chemical properties of materials and a greater propensity for the
deterioration of the thin palladium layer. However, these membranes’ catalytic capabilities remain
the subject of active study [19]. Figure 14.1 shows the conventional DH reaction system and catalytic
membrane DH system.

Feed Product + H, A K,
—5— | Reactor Separator )
—— Product
Recycle
(@)

/Xr = = = = > H2
Feed ——»| () Catalytic Membrane )—‘Product

K/ y—H,

(b)

FIGURE 14.1 a) Conventional dehydrogenation reaction system and b) Catalytic membrane DH reaction
system.
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14.6 DEHYDROGENATION OF LOW MOLECULAR
ALKANE, ALKENE, AND ALCOHOL

In recent years, much research has been conducted to illustrate the integration of membranes with
catalytic systems for hydrogen production. The series of integrated cells were designed to verify the
hydrogen production (rate, purity, etc.).

DH of lower molecular alkanes is the most viable process as it does not produce CO, as a by-
product. Ethan, propane, ethanol, and methanol are the most widely used alkanes and alcohols for
DH. Corresponding alkenes generated after DH can be used for other chemical processes or as fuel
additives [20].

CHs — CH3+ CH:> = CH> 3
2CH3CH:0H — CH3COOCH:CH3 + H> = CH> )
2CH30H — CH3COOCH + 2H: ®)

DH of formic acid is not desirable as it generates only CO, and H,, which affects the H, purity
and catalyst due to CO, coking on the membrane catalyst surface. The conversion reaction is
shown as follows (equation 6). Most by-products of alcohol DH have been used as fuel or fuel
additives [15].

HCOOCH — H: + CO: ©6)

Usually, DH of alkanes and alkenes has been performed using alumina-supported Cr,O; or Pt-based
catalyst. Different additives were added to the Pt-based catalyst to enhance selectivity and prevent
catalyst deactivation due to CO, build-up on the catalyst surface. Moreover, the DH of alkanes
has several advantages over the DH of other hydrocarbons. Some significant factors affect the DH
process, such as a higher conversion rate, no side reactions, namely, isomerization, no formation of
carbon or CO,, less catalyst deactivation, etc. In addition, these reactions are highly endothermic,
so continuous heat source/input is required [21]. Table 14.1 shows the different membrane catalysts
used in ethane DH.

These problems can be solved using membrane and catalyst system integration. In the DH
process, if generated hydrogen is removed from the reaction zone, then hydrogen conversion
increases. For this purpose, the membrane can be installed within the reaction zone. Catalytic
membranes can be installed within the reactor to separate hydrogen from the reaction zone,
enhancing the conversion rate. Furthermore, in this way, the reaction temperature can be lowered
to a certain amount, leading to energy savings. As the amount of heat required decreases during
the reaction, it lowers the coke formation, which can cause catalyst deactivation. By-products

TABLE 14.1

Different Membrane Catalysts Used in Ethane Dehydrogenation

Membrane Operating Temperature (°C) Conversion (%) Selectivity Reference
Pt-Sn/MgO 600 38 100 [22]
Pt-In/SiO, 600 65 99 [23]
Cr,0,/Si0, 650 49 98 [24]
Cr,0, 650 27 87 [25]
Cr/Si 650 62 81 [26]
Pt-Al,O,4 600 75 96 [27]

Li-Mg-Sm 600 95 53 [28]
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of alkanes (which are alkenes) were used for further DH. Reactions are shown in the following
(equations 3, 7-9).

CH3;— CH3 — CH: = CH: 3
CH»=CH:— CH=CH+ H: @)
CH;0H — CH20 + H: ®)

CH:0 + CH30H — CH3COOH + H: 9

Propane is another promising alkane for DH. Generally, propane DH occurs in a packed bed or
fluidized bed reactor at 550—650 °C and in normal pressure conditions. Pt- or Cr,0;-based catalysts
are mostly used. All possible DH reactions of propane are shown in Figure 14.2. To avoid coke for-
mation, suitable catalysts and operating conditions should be used [1, 15, 19, 29].

14.7 DEHYDROGENATION OF CYCLOHEXANE AND METHYLCYCLOHEXANE

Cyclohexane and methylcyclohexane have 7.19% and 6.16% hydrogen, respectively (high hydrogen
content). Membrane catalytic DH of these cyclo hydrocarbons is an emerging model as their DH
occurs at relatively lower temperatures with no by-product formation during the process. Certain
thermodynamic restrictions exist for the DH of other aromatic hydrocarbons, such as reduced con-
version. The membrane catalytic method can increase exchange rates [7]. The DH of the methylcy-
clohexane catalytic membrane system is depicted in Figure 14.3.

C3H8 « C3H6 + Hz < C3H4, + H2

—CH,

C2H6 + H2 L 5 C2H4 + Hz - COKE - CO/COZ

FIGURE 14.2 All possible propane dehydrogenation reactions [15].
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FIGURE 14.3 Membrane catalytic dehydrogenation of methylcyclohexane [7].
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TABLE 14.2

Different Membrane Catalysts Used in Methylcyclohexane Dehydrogenation

Membrane Catalyst Operating Conditions Conversion (%) Reference
Pt/Ga Temp.: 450 °C; Pressure: 1 bar 17 (32]
Pt/Al,0,-TiO, Temp.: 450 °C; Pressure: 1 bar 95 [33]
Mo/SiO, Temp.: 400 °C; Pressure: 22 bar 90 [34]
Pt/SiO, Temp.: 350 °C; Pressure: 1 bar 65 [35]
Cu-P/SiO, Temp.: 400 °C; Pressure: 1 bar 92 [36]
Pt/AlLO, Temp.: 250 °C; Pressure: 1 bar 60 [37]
Pt/C Temp.: 300 °C; Pressure: 1 bar 95 [31]

Primarily, palladium-based catalytic membranes are used as thin films or as a tube. In addition,
it has been investigated that coupling of the hydrogenation and DH has been shown to be energy-
saving as the heat of hydrogenation can be used for DH. The advantages of a catalytic membrane
system are that i) gas separation is easy and ii) gas separation occurs within the reaction zone.
Currently, silica-based membranes are used for the membrane catalytic DH of methylcyclohexane
and cyclohexane [7, 8, 30, 31].

Cycloxane — Benzene + 3H> (10)
Methylcyclohexane — Toluene + 3H> (1D
Decalin — Naphthalene + 5SH> (12)

Table 14.2 shows the different membrane catalysts used in methylcyclohexane DH and their operat-
ing conditions. Usually, DH takes place in fixed bed or hollow fiber membrane reactors.

14.8 CONCLUSION

The assimilation of various membrane reactors in systems for generating pure-quality H, has
attracted scientific attention over the past ten years. Integrating membrane reactors to remove hydro-
gen from various resources has been proven to be far more effective than conventional method-
ologies. Simultaneously, the yield obtained is considerably higher. The synthesized membranes
established on the Pd blend have satisfactorily provided pure-quality H, in various studies listed in
this paper’s subsequent topics. The development of novel film materials and technologies for pro-
ducing H, are both actively underway simultaneously. Moreover, using such membrane reactors has
helped curb CO by-product formation in various processes. Industrially significant monomers such
as ethylene, propylene, etc. all use DH processes. The efficiency of film reactors has contributed
significantly to the reduction of coke production. Likewise, the heat discharged during hydrogena-
tion processes can be compensated for by using such systems.
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’I 5 A Greener Dehydrogenation

Environmentally Benign Reactions

Ankita Saini, Monalisa Bourah and Sunil Kumar Saini

15.1 INTRODUCTION

The petrochemical sector relies heavily on dehydrogenation reactions. Various side reactions in a
traditional cracking or pyrolysis process prevent high selectivity towards olefins. When planning
a reaction as an environmentally friendly procedure, it is critical to take into account the unique
thermodynamic, environmental and economic characteristics of each dehydrogenation reaction. In
recent years, development of a greener process in synthetic organic chemistry has drawn attention
worldwide as a sensitive issue to prevent environmental pollution. Direct dehydrogenation (DDH)
has been the only economically viable reaction to date. Dehydrogenation cannot be viewed as a
long- or even short-term sustainable process without the use of a green chemistry involving a stable
recyclable catalyst, acceptorless reagents, nanotechnology, water-mediated reactions or photoca-
talysis. DDH can be conducted with or without the presence of an oxidant such as O,, CO,, and N,O
or nanoparticles. The most typically reported oxidants in the oxidative dehydrogenation (ODH) of
alkane are oxygen and carbon dioxide [1, 2]. Other oxidants, however, have been demonstrated to
be viable.

With the fast diminishing rate of fossil feedstock and the increasing demand for environmentally
friendly renewable energy, the research and development of alternative methods for the regeneration
of fuels are becoming unavoidably significant. Both clean chemical synthesis and hydrogen storage
systems could benefit from catalytic dehydrogenation and considering them as future applications [3].
Agarwal et al. [4] have explored several intensification and integration tactics to identify pathways
for enhancing the sustainability of the dehydrogenation method. It was demonstrated that measures
such as heat recovery, additional waste and recycling of off gas could reduce CO, emissions by up to
70%. In this chapter, we discuss the sustainable and greener route for carrying out dehydrogenation
reactions using oxidative catalytic dehydrogenation, acceptorless dehydrogenation, nanoparticles-
supported reactions, photocatalysis and water-mediated reactions, as depicted in Figure 15.1.

15.1.1  OxiDATIVE CATALYTIC DEHYDROGENATION

Platinum is a key component in numerous catalyst-based dehydrogenation processes. Because of
the strong ability of Pt to activate C-H bonds and its low activity in cleaving C-C bonds, it is
prominently used. However, the most active catalysts known are chromium oxide (CrO;)-based or
Pt-assisted with tin oxide (SnO,). Even these need to be regenerated on a regular basis due to the
process of coking. As a result, the future for designing a DDH catalyst must pivot to decreasing
profound dehydrogenation reactions that result in the coking of the reaction. Regardless of catalyst,
certain motifs have emerged in efforts to increase C-H bond activation while minimizing substrate
adsorption on surface sites. In addition, supports with the help of weak to moderate superficial
acidic-coupled stimulating components such as B, Ga, Cu and Ni have a lower utilization of Pt,
which is ideal for possible industrially usable catalysts. Furthermore, a number of noble- and non-
noble-based inter-metallic alloys and several mixed metal-oxides are evolving as suitable substitu-
tions for traditional catalysts that are both economically and environmentally beneficial. Because of
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FIGURE 15.2 Types of ODH using O,, CO, and N,0.

the high cost of noble-metal catalysts, Ni-Ga alloys with equivalent catalytic dehydrogenation per-
formance to noble metal catalysts were discovered to be the ideal candidates to replace expensive
catalysts. CrO; materials are well-known for being highly active dehydrogenation catalysts for light
alkanes. The conversion of lower alkanes utilizes gallium-oxide based on zeolites. The regeneration
frequency will then be decreased, resulting in fewer regeneration cycles that produce CO,, which
lowers the carbon output of alkane. To overcome these issues, ODH can be carried out [5-7]. The
ODH reactions can be explored in the presence of easily available oxidants such as O,, CO, and
N,O. Herein, we discuss each ODH using O,, CO, and N,O (Figure 15.2).

15.1.2 OXYGEN-BASED OXIDATIVE DEHYDROGENATION

Since the oxidative dehydrogenation of alkane using oxygen (ODH-O,) is potentially limitless, exo-
thermic and possesses favourable thermodynamics, it is a desirable pathway to produce alkene.
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This is very advantageous for scaling up reactions at the industrial level [8]. Although oxygen is
inexpensive and non-toxic, special precautions must be taken to prevent a combustible oxygen/
alkane ratio. Compared to DDH and ODH-CO,, ODH-O, reaction pathways are substantially more
straightforward and have less byproducts and side reactions than conventional catalysts. The key
restriction on ODH-O, is excessive oxidation. Gaseous oxygen is used with catalysts made of metal
oxides. The catalysts utilized in this process often contain Pt, Sn, V, Cu, B, Ni and Mo [9-12]. When
the temperature is between 400 and 700 °C, the reaction takes place through a partial oxidation that
produces alkene and water. When compared with a conventional steam cracking process, this exo-
thermic ODH reaction can save energy because it requires lower operating temperatures. ODH-O,
provides a route that completely prevents the creation of coke. In this section, we briefly highlight a
few ODH-O, catalyzed reactions.

Sam et al. explored Mg,V,0; as a catalyst for ODH-O, reaction [13]. At 550 °C, the catalyst dem-
onstrated a conversion of 6.95% and a selectivity for propene of 53.5%, making it significantly more
productive than Mg,V,0, and Mg,V,0q. This emphasized the significant role of a V-double bond
in the production of ODH-O, catalysts. MoOx-based catalysts were shown to function slower than
vanadia-based catalysts for ODH-O, reactions [14]. In this review by Cavari et al., the key elements
influencing the catalytic capabilities of supported vanadium oxide and molybdenum oxide systems
and the traits of catalysts achieving exceptional olefin yields are examined.

Hgj et al. depicted that Mo loading up to 10 wt% boosts selectivity, which highlights that the
polymeric form of MoOx provides optimum selectivity [15]. However, selectivity was marginally
lower at the same conversion as 2wt% V-catalysts. An increment on the overall yield is observed as
a catalyst with Mo only with a loading of 10 wt% on Al,O, produced 9.4% yield when compared to
a catalyst with a combined loading of 4wt% Mo and 2 wt% V that produced a yield of 10%. Barman
et al. used surface organometallic chemistry to graft monomeric V species onto SiO, to illustrate
how to alter preparation methods to improve dispersion [16]. It was found that monomeric V-species
are inherently more selective. Below 500 °C, for ODH-O,-catalyzed reactions, the incipient wet-
ness impregnation (IWI) approach-produced catalysts are more selective than monomeric V-based
catalysts. But once this controlled temperature was reached, monomeric V-based catalysts showed
an equivalent or higher selectivity.

Recently, Matam et al. [17] discovered that in an ODH of propane followed by DDH and a second
ODH run reaction cycle, MoOx/Al,0O; as catalyst was tested for both oxidative and non-ODH of
propane and showed effective results. The catalyst has highly scattered Mo-oxide species in +6 oxi-
dation state as [MoVIO,]? possessing tetrahedral coordination moieties. Interestingly, at a similar
propene conversion for the second ODH-O, phase, propene selectivity is enhanced by 15%, result-
ing in a 5% improvement in overall alkene yield. Kumar et al. investigated how effective oxygen
functionalized hexagonal boron nitride performs catalysis for the ODH of light alkanes, namely,
ethane, propane, butane and isobutane [18]. It was found that the ODH reaction usually takes place
at the same temperature for isomers, indicating that it is independent of the isomer’s form.

Because of the exothermic nature of its reactions, its thermodynamic potential and its ability
to prevent coke formation, ODH-O, has numerous intrinsic advantages. Metal oxides still struggle
with profound oxidation. However, it is evident that newly developed metal-based catalysts, despite
their early development and limited structural and mechanism understanding, have definite com-
mercialization promise because of their great selectivity at high alkane conversion.

15.1.3 CarBON Di0XIDE-BASED OXIDATIVE DEHYDROGENATION

To reduce the over-oxidation of products such as CO and CO,, the soft-oxidation of alkane using
CO, has been suggested as an alternative method to utilize O,. The ODH-CO, reaction has regained
interest in the context of combined efforts to reduce human CO, emissions [19-20]. Technologies
that use CO, are generally sought after to create a circular economy. Due to the expensive equip-
ment allocated to gaseous O,, which necessitates high-tech reactors and sufficient diluent to assure
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operational safety, the ODH processes with gaseous O, cannot compete with conventional tech-
niques of steam cracking and pyrolysis. The alternative strategy is to use carbon dioxide in place of
oxygen because it has a lower oxidative capacity than oxygen that hinders the complete oxidation
of olefin. The use of CO, in the ODH of alkane can also be more appealing from an economic and
environmental perspective than the steam used in cracking procedures. The benefit of ODH-CO, is
that it uses the reverse water-gas shift (RWGS) reaction to consume the by-product of alkane dehy-
drogenation, namely, H,. As a result, there may be a greater conversion of alkane to alkene and a
change in the thermodynamic equilibrium for the dehydrogenation of alkane. ODH-CO, catalysts
do not typically over-oxidize alkane. As could be expected in an ODH-O, process, there is also a
higher cost involved in getting concentrated CO, than in getting air. Herein, we briefly discuss a few
ODH-CO,-catalyzed reactions.

Deng et al. investigated the ODH of ethane (ODE) to ethylene using CO, as an oxidant in the
catalytic performance of Fe-Cr/ZrO, catalysts [21]. Higher ethylene selectivity and reduced CO,
conversion are provided by the catalyst made by the coprecipitation approach. The results show that
the active sites for the dehydrogenation of ethane are Cr(III) species, and during the reaction, Fe,O;
is reduced to Fe;0,, which may facilitate the RWGS process. Moreover, Oliveira et al. studied the
catalytic characteristics of Cr-ZrO, catalysts for the CO,-ODH of propane, which was found to be
affected by a change not only in the content of metal from 2.5 to 15 wt% but also in the hydrother-
mal production process [22]. It was found that when Cr*¢ species are reduced at temperatures higher
than 500 °C, the CO, on Cr-ZrO, desorbs. The accumulation of carbon, which is only oxidized with
O, is linked to the activity that decreases over time.

As an alternative to the dehydrogenation process of producing propene, Michorczyk et al.
carried out greener dehydrogenation of propane in the presence of CO, [23]. With a molar ratio
of CO,:C;H; (5:1) at 873 K, the catalytic selectivity and performance of chromium oxide-based
catalysts in combination with SiO, and Al,O, showed 25.2% and 24% yields of C¢Hy, respectively.
Zhang et al. highlighted the use of CO, as an oxidant in a photocatalytic ODH process over Pd-TiO,
catalysts at moderate temperature, 308 K, for ethylene and syngas production [24]. A 1% Pd-TiO,
catalyst demonstrated ethylene production, and the presence of CO, considerably increased the
production. Mamoori et al. described the in-situ collection and use of CO, in the ODH of ethane
over an adsorbent catalyst made of double salt KCa and Cr-impregnated H-ZSM-5 [25]. Due to
its higher turnover frequency (TOF) and lower surface density, Crl0/HZSM-5 along with a 1:1
wt ratio of K-Ca under 5,000 mLg~'h~' and 5 vol% of ethane feed concentration demonstrated the
maximum ethane conversion at 25% with ethylene selectivity of 88%. Wang et al. described that
by applying up to 5 wt% of Cr over silicalite-1, a variety of CrOx/silicalite-1 catalysts with defined
composition of CrOx species can be produced for CO,-ODH [26]. It was discovered that the poly-
meric Cr®* oxides for the CO,-ODH of propane are much more active but less selective than isolated
Cr¢* oxides. The activity increases as the degree of polymerization for the polymeric Cr®* oxides
increases with strong adsorption properties.

One might contend that a commercial ODH-CO, process would greatly lessen the carbon foot-
print of a single chemical or industrial usage. However, CO, has since been reported to be used for
various alkane substrates. The dehydrogenation reaction performed by the addition of CO, has a
number of outcomes. It helps the RWGS reaction, which eliminates H, from the system and moves
the athermodynamic equilibrium limit to enhance alkene synthesis.

Furthermore, CO, can dissociate on a catalyst’s surface and supply O-species, which can
directly dehydrogenate alkane. Contrary to alkane, which adsorbs on the acidic sites, CO,
will predominantly adsorb on the basic sites because it is an acidic molecule. Therefore, when
designing a catalyst, the proper balance of both acidic and basic sites is crucial. Due to the
potential for utilizing CO, and creating neutral carbon, ODH-CO, has generated interest,
mostly in academia.
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15.1.4 Nitrous OXIDE-BASED OXIDATIVE DEHYDROGENATION

N,O is another important soft oxidant. The global warming potential of N,O is around 310 times
more than that of CO,, and both are greenhouse gases. As a result, reactions that eliminate N,O gas
from the atmosphere are highly favoured. The combustion of fossil fuels results in producing N,O
as a by-product in the industrial sector. ODH-O, and ODH-N,O normally occur at temperatures
lower than DDH, but ODH-CO, typically occurs between or somewhat closer to DDH reaction tem-
peratures [27]. Herein, we highlight several ODH-N,O-catalyzed works reported in the literature.

According to Buldnek et al., the presence of an extra framework, that is, Fe-oxo complexes could
be the cause of Fe-catalytic ZSM-5’s activity in the ODH of propane (ODHP) with nitrous oxide
[28]. In addition, Pérez-Ramirez et al. depicted that small amounts of clearly isolated Fe species in
Fe-ZSM-5 has proved to be active in ODHP with N,O, but massive Fe clusters facilitated the pro-
found oxidation of significant reaction intermediates to COx [29]. Zhou et al. synthesized a series
of Ni-Al mixed oxides for the ODH of ethane with the N,O oxidant [30]. These compounds showed
good activity in N,O decomposition. It was found that compared to other catalysts at 460 °C, the
Ni;Al-MO catalyst has a TOF value of 99 h™!, which is much higher than that of Fe-, Cr-, Mo- and
V-based catalysts. In the ODH of ethane with N,O, the Ni;AI-MO catalyst performs better than
other catalysts. Moreover, Wu et al. examined the feasibility of employing Fe-MFI produced by
reductive ion-exchange as a catalyst for the ODH of propane with nitrous oxide [31]. Acid posttreat-
ments on Fe-MFI clearly have a good impact on how well the ODH of propane with nitrous oxide
functions. The maximum propylene output progressively rises to around 25% with cumulative acid
post-treatments.

The ODH-N,O reaction has received the least amount of research, and recent developments have
been little. This might be because employing N,O as an oxidant has high economic cost, yet doing
so might be advantageous in an integrated process where N,O is produced as a by-product.

15.1.5 ComrarisoN of Catarytic ODH over DDH

Table 15.1 summarizes both chemical and catalytic properties linked with DDH and ODH reactions
using O,, CO, and N,0.

TABLE 15.1
Chemical and Catalytic Summary of Reaction Conditions in ODH Reactions.
Type of Reaction DDH ODH-O, ODH-CO, ODH-N,O
Operating Temperature  550-630 °C 400-600 °C 400-600 °C 400-600 °C
Range, °C
Thermodynamics Endothermic Exothermic Endothermic Exothermic
Side Reactions Cracking and Cracking and Cracking and Coking and Dry  Cracking and Coking
Encountered Coking Over-Oxidation Reforming and Over-Oxidation
Role of Redox Side Not Directly Oxygen Activation ~ Carbon Dioxide Activation Nitrous Oxide
Involved Oxidation
Role of Acidic Sites Alkane Activation, Alkane Activation  Alkane Activation, Coking Alkane Activation,
Coking Coking
Role of Basic Sites Alkene Desorption  Alkene Desorption  Alkene Desorption and Alkene Desorption

Carbon Dioxide Activation

Deactivation Process Coking Sintering Over-Reduction and Coking Coking
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FIGURE 15.3 Typical pathway of DDH reactions and ODH-O, and ODH-CO, catalyzed reactions.

The temperature ranges of each reaction overlap, whereas ODH-O, and ODH-N,O are normally
conducted at lower temperatures than DDH, and ODH-CO, is often carried out at temperatures
between or close to DDH temperatures. Using the proper catalysts, ODH-CO, typically reacts at
temperatures between 550 and 850 °C and at atmospheric pressure. As a result, new high-activity
catalysts are continually being developed. Since ODH with CO, is extremely endothermic and ODH
with O, is strongly exothermic, the restrictions can be lessened by combining the heat exchange
properties of these two processes. This method might offer an efficient technique to make alkene
while using little energy. Although over-oxidation is frequently seen in the ODH-O, and ODH-N,O
processes, coking is still a significant concern in DDH, ODH-CO, and ODH-N,O. Figure 15.3
depicts the typical pathway of DDH reactions and ODH-O, and ODH-CO, catalyzed reactions.

Each ODH process involves the active participation of redox sites, whereas DDH does not.
Alkanes are activated by acid sites. However, in the case of ODH-N,O and ODH-O, reactions
where acid sites are strong, alkane will be held on the surface and cause over-oxidation or coking.
Meanwhile, basic sites are recognized for facilitating alkene desorption. The most common deac-
tivation mechanisms also differ amongst these reactions. Coking is a major reason for the loss of
on-stream activity in DDH, ODH-CO, and ODH-N,0. Despite relatively quick deactivation of DDH
catalysts, it is interesting that the activity can be restored following an oxidative process, greatly
increasing the catalyst’s lifespan.

Accordingly, ODH processes successfully utilize CO, as an attractive, soft oxidant, and CO,
can be in-situ reduced to value added CO, a crucial molecule in subsequent processes. Although
ODH-CQ, is not a commercially viable catalytic technology, a number of catalysts including oxide,
metallic, bi-metallic, nitride and carbide catalysts have been thoroughly investigated with excellent
catalytic performance, bringing this process closer to being viable. However, the ODH-CO, process
still needs to make considerable development before it can be used in the commercial sector, despite
the substantial advancements made in recent years.
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15.2 ACCEPTORLESS DEHYDROGENATION

One of the most crucial processes in the production of organic compounds is carrying out the
oxidation of alcohols to carbonyl compounds including aldehydes, ketones and acids. Alcohols are
thermally dehydrogenated catalytically [32]. Alcohols are essential building blocks in the synthe-
sis of organic compounds because they act as precursors to carbonyl compounds when they react
with stoichiometric amounts of inorganic and high molecular weight oxidants. Alcohols can be
derived from a wide variety of sources [33-34]. The acceptorless dehydrogenation (AD) [35] of
alcohols under thermal conditions using metal catalysts is one of the most researched methods for
improving the viability and atom efficiency of the process [36, 37]. The direct synthesis of carbonyl
compounds without the use of H, acceptors such as O,, H,0O, or sacrificial olefin is made possible
by the catalytic AD reaction of alcohol. Instead, molecular H, is released, which may subsequently
be utilized in hydrogen economy. For the AD process, a number of homogeneous catalyst systems,
including the Rh(II) complex and Cp*Ir complex catalysts, have been reported [38]. Low catalytic
activity, hostile environments, the requirement for additives and challenges with synthesis never-
theless make these systems problematic. Both heterogeneous noble metal catalysts—namely, those
made of Ru, Ag, Au and Pt—and non-noble metal catalysts, such as those made of Ni, Co and Cu,
have recently been created to address these issues [39]. These catalysts must be heavily protected
from air exposure due to their air sensitivity to achieve high activity.

Fuse et al. [40] achieved the first AD conversion of aliphatic secondary alcohols to correspond-
ing ketones by developing a ternary hybrid catalyst made up of photoredox catalyst, thiophosphate
organocatalyst and nickel catalyst under visible light irradiation at ambient temperature. Catalytic
AD of aliphatic and aromatic alcohols using a ternary hybrid catalyst system with visible light irra-
diation at ambient temperature was carried out. Three primary steps were involved in the reaction:
the transfer of a hydrogen atom from an alcohol substrate’s -C-H bond to the thiyl radical produced
by the photooxidizedorgano catalyst, the nickel catalyst’s interception of the resulting carbon-
centered radical and the elimination of the -hydride. High yields of the reaction took place under
benign conditions, and it did not result in the production of any unwanted by-products, except for the
H, gas from a variety of alcohols. Furthermore, Gangwar et al. [41] optimized stable Cp*Co(CO)
I, complex for the efficient dehydrogenation of secondary alcohols into ketones and ethers under
mild conditions. Acetophenone is produced with a 48% yield when 1-phenylethanol is combined
with 3 mol% catalyst and base tBuOK in acetone at 80 °C for 20 hours. An improved yield of the
anticipated ketone, specifically, 57%, is obtained by subsequently treating the substrate and catalyst
with the ligand 8-hydroxyquinoline.

Putro et al. [42] conducted reactions using a Cu-Fe(III) catalyst obtained from a Cu-Fe lay-
ered double hydroxide (LDH) precursor. It showed the most efficient catalytic activity compared to
Cu-Fe catalysts synthesized by various treatments and another conventional supported Cu-Fe;O,
catalyst made using co-precipitation and physical methods. Under base- and oxidant-free condi-
tions, these Cu-Fe catalysts have shown exceptional efficiency for the dehydrogenation of several
alcohols. The LDH structure can be quickly and efficiently converted into a Cu-Fe catalyst for the
efficient AD of alcohols.

In 2019, Sahoo et al. [43] optimized a process for catalytic non-ODH of partially saturated
N-heterocycles that produces N-aromatics and the development of H, gas at room temperature
because water is used as the reaction medium. They developed visible-light active [Ru(bpy);]** as a
photoredox catalyst for the dehydrogenation of partially saturated N-heterocycles to N-heterocyclic
arenes in water media as discussed in Figure (scheme) 15.1. This method produces large yields
of N-heterocyclic arenes. In the presence of two catalytic conditions, namely, cobalt complex as
a proton-reduction catalyst and [Ru(bpy);]>* as a photoredox catalyst, unsubstituted indoline pro-
duced 90% isolated yields of indole when subjected to a dehydrogenation process under optimal
conditions, that is, N-heterocycles, 0.25 mmol, [Ru(bpy);]?**, 1.0 mol%, proton reduction catalyst and
2.5 mol% at room temperature for 12 hours. Additionally, an indoline derivative substitute produced
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FIGURE (SCHEME) 15.1 Ru complex catalyzed the ADH of partially saturated N-heterocycles to
N-heterocyclic arenes [43].

products with a good yield. The reaction was performed under neutral and mild conditions with the
liberation of H, at room temperature.

The AD-based reaction also offers noteworthy benefits in a number of organic synthesis pro-
cesses, such as the borrowing hydrogen method for the synthesis of imines, amides and esters.

15.3 NANOPARTICLE-BASED CATALYZED DEHYDROGENATION

The use of nanoparticles as catalysts in organic synthesis has drawn attention in recent decades
due to its unique properties and efficiency. Nanocatalysts are recyclable and highly efficient com-
pared to other catalysts [44—46]. Nanocatalyzed reactions and the preparation of nanoparticles can
be performed in environmentally benign solvents at low temperature. From this point of view, a
nanocatalyzed reaction is a safer and greener reaction with minimal waste of environmentally pol-
luted material. Numerous nanoparticles have been synthesized, some of them are water soluble
and numerous nanoparticles are successfully used in dehydrogenation reactions. Here, we briefly
describe a particular dehydrogenation reaction carried out in the presence of a nanocatalyst.

Because of their unique electronic interactions with formic acid, supported PANPs have been
extensively utilized as catalysts for the selective dehydrogenation of formic acid [47-48]. Gold (Au)
is viewed as a superior cocatalyst to increase the overall catalytic efficiency of bi-and trimetallic
Pdnanocatalysts. Furthermore, Pd/N-MSC-30 nanocatalyst was used for the dehydrogenation of FA
with extremely high catalytic activity and recyclability, affording the highest TOF of 8414 h-! at
333 K [49]. A wet chemical reduction method was used to create palladium nanoclusters (PdNCs)
immobilized by an N-functionalized porous carbon support (N-MSC-30). This was prepared by a
tandem low temperature heat treatment approach serving as a support for stabilizing PANCs. Au
nanoparticles supported by protonated titanate nanotubes (TiNTs) were used as a composite catalyst
to the additive-free dehydrogenation of formic acid at low temperature [50]. The multiwalled open-
ended structure of TiNTs depicts effective electronic interaction with transitional metals. However,
the optimal catalytic hydrogen production efficiency with other catalysts occurs at 300 °C. The
charge distribution between both Au and Ti nanotubes was discovered to be the most important
factor in the enhancement of the rate of the dehydrogenation reaction.

Monodispersed AgPd alloy NPs, assembled with mpg-C;N,, that is, mesoporous graphitic
carbon-nitride for unique catalysis by mpg-C;N,@AgPd, was employed for the dehydrogenation
of ammonia borane hydrolytically at ambient temperature [51]. These monodispersed AgPd alloy
NPs were prepared by a high-temperature organic-phase surfactant-assisted process through the
co-reduction of Ag(I)acetate and Pd(IT)acetylacetonate. The AgPd alloy NPs that synthesized and
then assembled on mesoporous graphitic carbon nitride helped to reduce graphene oxide using a
liquid-phase self-assembly method by following the subsequent chemical reaction.

NH,BH, + 2H,0 — NH,* + BO, + 3H,
AgPd nanoparticles fixed on WO, ,, nanorods (NRs) were used as catalysts for the dehydrogena-

tion of formic acid, and they transferred hydrogenation from nitro-aromatic (Ar-NO,) to aromatic-
amines (Ar-NH,), which further reacted with aldehydes to generate benzene-fused hetero-cyclic
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moieties [52]. The catalysis of AgPd/WO, ,, is found to be Ag/Pd-dependent. The high activity of
the appropriate ratio of AgPd/WO, 4, is the result of a strong interfacial contact between the two,
resulting in the lattice expansion of AgPd and polarization of the charges from AgPd to WO, .
Monodispersed AgPd and AuPd alloy nanoparticles supported on carbon material were also highly
efficient formic acid dehydrogenation catalysts [53].

Carbon nanotubes (CNTs) were involved as catalysts in the catalytic dehydrogenation of form-
aldehyde in alkaline solution using O, [54]. Compared to other carbon-based catalysts, CNTs
displayed superior catalytic performance due to an sp? carbon-rich surface, hydrophilicity and
numerous surface defects. The peroxide species generated by the activation of O, adsorbed on CNTs
are responsible for C-H activation, leading to H, generation. Graphene and sp?C-nanomaterials such
as CNTs and carbon nanofibers (CNFs) have attracted attention as effective catalysts for various
reactions attributed to their special structures and properties [55]. CNFs and CNTs as catalysts have
been extensively reported in ODH reactions because of their high activity and stability [56]. Thus,
carbon as a catalytic material has numerous advantages over conventional metal-supported catalysts
due to its unique control of surface acidity and basicity and the n-electron density through surface
functionalization. In carbon materials, the short- and long-range order regulates the macroscopic
properties and overall performance in industrial processes. The nanostructure of CNFs has a great
influence on catalytic behavior. Schlégl and coworkers [57] initiated the applications of nanocar-
bons to the ODH of ethylbenzene. The major benefit of using carbon nanomaterials is their high
crystallinity causing their high resistance against oxidation.

Accordingly, numerous nanoparticle catalysts are employed in dehydrogenation reactions. In this
section, we mentioned some recent works that explored the nanocatalyst dehydrogenation reaction.

15.4 PHOTOCATALYSIS-BASED DEHYDROGENATION

An alternate method that uses clean solar energy to activate CO, and lower alkane molecules under
benign conditions is called photocatalysis [58, 59]. Moreover, photoredox catalysts can be called
green catalysts. Photocatalysts are used in small amounts and do not require high temperatures,
pressures or harsh conditions [60]. The ODH of alkane in the presence of CO, as a mild oxidant
is one of the potential methods for creating alkene, as was previously indicated. Photo-oxidation
of alkane with CO, may be a potential technique to enhance the process because ODH with CO,
occurs at high temperatures. The Pd on TiO, materials has been shown to be the potential catalyst
for photocatalytic ODH with CO, at ambient temperature. In addition, alcohol/water combinations
can undergo photocatalytic dehydrogenation. In recent years, considerable research has been con-
ducted on the photocatalytic synthesis of H, by a water splitting process coupled with the oxidation
of organic substrate. In general, mild circumstances are usually sufficient for photocatalytic con-
version of alcohol/water combinations to H,. As a result, compared to equivalent electrochemical
or thermal dehydrogenations, the selectivity of the photochemical process is typically higher. The
most popular photocatalysts for the hydrogen oxidation process are those based on the semiconduc-
tor TiO,. Most catalyst modifications involve the loading of noble metal nanoparticles to a semicon-
ductor’s surface to increase the rate at which catalytic hydrogen is produced when exposed to visible
light [61]. The lifetime of the electron and hole pair can be extended by the metal. It can serve as
an electron scavenger by encouraging proton-reduction and reducing electron/hole recombination.
Furthermore, combining these materials with organometallic complexes that operate as co-catalysts
is another effective tactic to support their performance in visible light.

Metallacarboranes system as a photocatalyst was employed by Teixidor et al. [62] They reported
that with low loadings of [Co(C,B4H,,),], specifically, 0.1 to 0.01 mol%, metallacarboranes could
promote the oxidation of aliphatic and aromatic alcohols in aqueous media in a quantitative con-
version attributed to their high solubility. Additionally, the recovery of the photocatalyst is easy
through precipitation with [NMe,JCl [62]. Moreover, metallacarborane could covalently link to
magnetic nanoparticles layered with silica and be applied in a heterogeneous catalytic system.
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The metallacarboranes were efficiently photooxidized alcohols by loading 0.1 and 0.01mol% [63].
Ruthenium cobaltbis(dicarbollide) photoredox catalytic system photooxidized alcohols to aldehydes
and acids. This was prompted by an H+-coupled electron-transfer process under UV light irra-
diation with 0.005 mol% of catalyst. In the catalytic system, the photoredoxmetallacarborane and
ruthenium oxidation catalysts were linked by noncovalent interactions that persisted their activity
even after water dissolution [64]. Giustiniano et al. in 2022 also reviewed the visible light photore-
dox catalyst in water. They extensively discussed the photoredox catalyst dehydrogenation reaction
in aqueous media [65].

The selective ODH of gas-phase ethanol was carried out in 2009 in a fluidized bed photoreactor
by using photocatalyst VO,/TiO, [66]. Photocatalytic dehydrogenation of alcohols under anaerobic
conditions in aqueous solution has been thoroughly studied with the aim of generating H, from
alcohol and water [67-69]. In anaerobic dehydrogenation, TiO, is used as a photocatalyst, and the
alcohol acts as an active sacrificial reagent or a hydrogen donor by decomposing to CO,. Lower
reactivity TiO, photocatalysts, such as rutile TiO,, are useful for selective coupling, while highly
active TiO, photocatalysts tend to oxidize excessive ethanol to CO, and acetic acid.

The dehydrogenation of ethanol without an acceptor can undergo C-C coupling in aqueous solu-
tion and yield 2,3-butanediol by selectively releasing H, in the presence of the TiO, photocatalyst
[70]. Primary aliphatic-alcohols can be directly converted into acetals with H, generation through
TiO,-photocatalytic dehydrogenation reaction coupling at room temperature, without any hydrogen
acceptors (Figure (scheme) 15.2) [71]. The reaction followed photocatalytic alcohol dehydrogenation
and H* catalytic acetylation, in which H* catalysts were generated by the dehydrogenation process.
The approach exhibited a fast rate of reaction and good product selectivity, which represents a novel
green process for the conversion from primary alkyl alcohols to bio-renewable ethanol and 1-butanol.

Visible-light organo-photoredox catalyst was used for the catalytic ODH of N-heterocycles by
Balaraman et al. in 2017 [72]. The reaction proceeded significantly under base- and additive-free
conditions with ambient atmosphere at room temperature and a low catalyst loading of 0.1-1 mol%.
2-methylquinoline was aromatized by the irradiation of visible-light upon a catalytic amount of rose
bengal (1 mol%) in the presence of ambient air as an oxidant at room temperature. In a biphasic
medium, another ODH of tetrahydro-B-carbolines, indolines and iso-quinolines was preceded by
the use of reusable and homogeneous cobalt-phthalocyanine used as a photoredox catalyst. The
major advantages of using a biphasic medium system is attributed to its ease in the separation of
product and reusability of the photoredox catalyst [73].

Cyclohexane is also selectively oxidized to benzene over MoOx/TiO, photocatalysts in the pres-
ence of gaseous oxygen at 35°C under UV irradiation [74]. Using a fluidized bed reactor improves
the oxidation of cyclohexane to benzene over MoOx-based catalysts. Moreover, the photoactivity
enhanced in a fluidized photoreactor is found to be associated with greater light absorption, because
of the utilization of scattered light by the catalyst [75, 76].

Photocatalysts Au/TiO, were also used in the ODH of ethanol. The catalysts with Au loading
between 0.5 and 2 wt% were synthesized by photo-deposition using different deposition times over
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FIGURE (SCHEME) 15.2 TiO,-photocatalytic ADC reaction of primary alcohols into acetals [71].
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TiO,, which was prepared by the sol-gel method [77]. The catalytic activity largely depends on Au
loading and its particle size and metal distribution on the TiO, surface. The catalyst with 0.5 wt.%
Au prepared within 120 min of the deposition time showed high TiO, photoactivity in ethanol
ODH. The acetaldehyde selectivity and maximum conversion of 95% and 82%, respectively, were
obtained at a concentration of 0.2 vol% ethanol at 60 °C. These results were significantly higher
than those obtained over pure TiO, and a commercial catalyst. There is currently great interest
in exploring typical nanostructures based on a metal-organic framework (MOF), graphene oxide,
Si0, and TiO, for the effective improvement of the photocatalytic dehydrogenation of FA. A newer
strategy of a Mott—Schottky heterojunction has been utilized between a nanocatalyst and its support
to adjust the catalytic property and surface charge density of a metal-based nanocatalyst for the
desired photocatalytic dehydrogenation of formic acid [78].

Through the previous examples and reactions, it is clearly highlighted that photocatalysis repre-
sents one of the most significant fields in research that addresses organic synthesis through which
the possibility of introducing open-shell species under mild reaction conditions will emerge. Taking
advantage of photoredox catalysis in numerous dehydrogenation reaction transformations that are
not always attainable through ground-state reactivities can be achieved.

15.5 WATER-MEDIATED DEHYDROGENATION REACTIONS

Water is an environmentally benign solvent, and the use of water in organic synthesis is a new
revolution in green chemistry. Moreover, water has played an important role in the mechanism of
many catalytic reactions. Among different alternative energy sources, H, is an appealing, envi-
ronmentally benign, safe and clean energy source for enabling a more sustainable future as its
combustion generates water as a by-product [79-81]. However, the storage of hydrogen is one of
the difficult issues due to hydrogen being an exceptionally highly volatile gas that consequently
possesses a lower volumetric density. This can be overcome effectively if H, is stored reversibly as
various chemical energy transporters. In this way, liquid organic compounds, such as formic acid,
methanol, methylamine, etc., are an alluring choice. In this section, we discuss some important
water-mediated dehydrogenation reactions.

Because of sustainability, low toxicity, biodegradability, non-flammability and stability, formic
acid has proved to be a promising liquid organic hydrogen transporter. It can undergo a dehydro-
genation reaction producing H,, which is significant for hydrogen-based energy applications [82].
Formic acid is effortlessly acquired from either carbon dioxide and hydrogen or non-edible biomass.
Considered as a significant industrial by-product, formic acid has been broadly used to produce H,
in both gas and transfer dehydrogenation reactions under mild conditions in the liquid phase and
in the presence of catalysts. Eqs. 1 and 2 represent formic acid decomposition that involves a dehy-
drogenation process and dehydration process, respectively, that produces CO as a by-product [83].

HCOOH—> CO, + H, AGyog = —35.0 kJ mol™! (Eq. 1)
HCOOH— H,0 + CO AG, g = —14.9 kJmol™! (Eq. 2)

The efficient and selective dehydrogenation of aqueous-phase formic acid is a great challenge to the
production of hydrogen with non-noble metal-based heterogeneous catalysts. In recent years, aque-
ous phase FA dehydrogenation using non-noble metal-based catalysts has been extensively studied.
Here, we describe several cases of the aqueous phase catalytic dehydrogenation of FA.

Non-noble metal complexes are widely used as catalysts in synthetic chemistry. Iron(II) complexes
along with hydrophilic multi-dentate water soluble ligand as m-Trisulfonated-tris[2-(diphenylphosphino)
ethyl] phosphine sodium salt (PP;TS) are active in FA dehydrogenation reactions in aqueous solutions
[84]. Employing this as a catalyst resulted in the production of a 1:1 ratio of H,:CO,. Cobalt pincer
complex was utilized in the dehydrogenation of formic acid in aqueous media under mild conditions
and achieved excellent results of hydrogen production (Figure (scheme) 15.3) [85].
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FIGURE (SCHEME) 15.3 Cobalt PNP pincer-catalyzed dehydrogenation of FA [85].

In an aqueous medium, catalytic FA dehydrogenation reactions by using phenyl that substituted
a cobalt PNP pincer complex exhibited higher activity, wherein formic acid was completely decom-
posed into H, and CO, in less than an hour in the presence of potassium formate and reached a
catalyst TON of 2,260. The activation of the catalyst was increased by adding sodium triethyl-
borohydrate. Figure (scheme) 15.4 depicts that the initial step of the reaction is the replacement
of chloro-ligand in the complex by formate, which results in the formation of complex Al. Next,
the corresponding transition state for the CH activation and dissociation, TS(A2/B), leads to CO,
release and the formation of parent amine complex B. The amine complex B releases H, [85].

One more technique was developed for FA dehydrogenation in water by utilizing an iridium
complex containing conjugated N,N'-diimine ligands that is free of the addition of bases or addi-
tives (Figure (scheme) 15.5) [86]. Using [Cp*Ir(L1)CI]C] (L1=2,2"-bi-2-imidazoline), a TOF of
4,87,500 h! at 90°C and a TON of 2,400,000 with an in-situ prepared catalyst from [IrCp*Cl,],
and 2,2'-bi-1,4,5,6-tetrahydropyrimidine (L2) at 80 °C were obtained [86].

Furthermore, the complete dehydrogenation of water-mediated formic acid by using y-Mo,N cata-
lyst derived from biomass with a concentration of 40 vol% achieved a high gas production rate [87].
The main advantage for carrying out the reaction of this catalyst was the ease in the synthesis of
v-Mo,N catalyst with high yield by an easy pyrolysis reaction. Using this non-noble metal-based het-
erogeneous catalyst in a water-mediated reaction enhanced the dehydrogenation performance of FA.

In the aqueous phase, FA dehydrogenation by using nanoparticles has also been studied. Ag Pd
core-shell NPs have shown potential in catalyzing the dehydrogenation of formic acid in aqueous
media at a low temperature of 50 °C without the use of an additive. The initial TOFs determined
were in the range of 125-252h! at a 25-50 °C temperature range [88]. This clearly shows that
bimetallic nanoparticle catalysts are more effective than their single component counterparts for the
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FIGURE (SCHEME) 15.5 Synthetic pathway for [Cp*Ir(L)CI]CI complex [86].

active dehydrogenation of FA [89]. In addition, monodispersed AgPd alloy nanoparticles with a 2.2-
nm diameter were proved to be highly active heterogeneous catalysts for the dehydrogenation of FA
in water [90]. The Ag,,Pds; nanoparticles revealed the highest catalytic activity with an initial TOF
of 382 h™! at 50 °C. This showed that the high potential of binary alloy nanoparticles makes them
more convenient catalysts for the dehydrogenation of FA and H, generation. Monodispersed AuPd
NPs of 4 nm were more active in catalyzing the dehydrogenation of FA in water at 50 °C without
additives and displayed a TOF of 230 h~! [91].

Another work was carried out by Q. Jiang in 2013 using CoAuPdnano-alloy supported on carbon
(CoAuPd/C) as an active catalyst for the dehydrogenation of FA as shown in Figure (scheme) 15.6
[92]. The high stability of Co® in the nanoalloy structure was first used in catalytic FA dehydrogena-
tion in water. Moreover, the CoAuPd over C has a lower consumption of noble metals and exhibits
100% production of H,, which is the highest selectivity and stability toward H, generation from FA
in water media without additives at 298 K.
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FIGURE (SCHEME) 15.6 CoAuPd/C nanocatalyst for FA decomposition at 298 K [92].

The Ag/AgPd core/shell nanowires (CS-N'Ws) with a shell thickness of 0.9 nm showed the high-
est catalytic activity for formic acid dehydrogenation in aqueous media. It displayed an initial TOF
of 1,400 h! at a temperature of 50 °C. The CS-NWs show high specificity for catalyzing NO?~and
NO*-in water to N, at ambient temperature [93]. The enhancement in bifunctional catalytic perfor-
mance is attributed to effective and highly efficient electron transfer to Pd because of nanowires. It
reveals a new route to synthesize bifunctional nanocatalysts for removing contaminants from the
polluted water along with formic acid as an in-situ H, source.

Moreover, various Ru-arene complexes containing chelating ligands with N-donor were devel-
oped for the dehydrogenation of formic acid in water [94]. The Ru-arene complexes were found to
show efficient catalysis for formic acid dehydrogenation at 90 °C without a base and with a TON of
2,248. Rodriguez et al. [95] synthesized an Ru-based catalytic complex carrying a chelating ligand
as bis(olefin) diazadiene. It was used for the catalysis of the dehydrogenation of methanol in water
leading to the production of three molecules of H, at a temperature below 100 °C. Additionally,
Nielsen et al. [96] showed that the Ru-pincer-catalyzed dehydrogenation of methanol in water media
was achieved at 65-90 °C and ambient pressure with excellent catalyst TOF and TON. Monney
et al. [97] improved the catalytic TON of the dehydrogenation of methanol in water media with the
use of a bi-catalytic, where an Ru-pincer complex was employed at the initial step of the reaction,
and a second Ru-based catalyst was used during the dehydrogenation of formic acid. Furthermore,
A. K. Das et al. used a methyl-substituted Ru-pincer complex (HPNP)Ru(H),-CO where the HPNP
bis[2-(dimethylphosphino)-ethyl]Jamine was used as a catalyst for the dehydrogenation of methyl-
amine in water media; in this process, a total of three hydrogen molecules were released as shown
in Figure (scheme) 15.7 [98].

In Figure (scheme) 15.8, a highly efficient and water-soluble Ir-complex containing 2-(2-
benzimidazolyl)-6-hydroxypyridine as a ligand was used for the dehydrogenation of alcohols and
the synthesis of N-hetercycle in aqueous media [99]. The oxidative cyclization of 2-amino/nitroaryl
alcohols with alcohol/water is carried out with double dehydrogenation.

From these discussed reactions, it is clear that water-mediated dehydrogenation reactions have
also received much attention from chemists due to their green chemistry features, unique properties
and exceptional reactivity.

15.6 CONCLUSION AND FUTURE PROSPECTS

Herein, we summarized the recent approaches on greener dehydrogenation for sustainable and
cleaner reactions. Greener and more efficient routes for carrying out dehydrogenation reactions
are highlighted using oxidative catalysts, photocatalysis, water-mediated reactions, nanoparticle-
supported reactions and AD. Among these, catalytic dehydrogenation based on mild oxidants,
nanoparticle-supported reactions and photocatalysts presents an attractive approach for clean syn-
thesis and its future applications as a hydrogen storage system. In addition, it is shown that CO, has
proved to be an attractive oxidant that could be sufficiently explored in ODH reactions compared
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FIGURE (SCHEME) 15.7 Ru-pincer complex-catalyzed dehydrogenation reaction of methyl amine [98].
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FIGURE (SCHEME) 15.8 Water soluble Ir-complex-catalyzed dehydrogenation reaction of alcohols [99].

to O, and N,O. However, these methods have not been commercially viable until now, and various
types of methodologies can be extensively explored for their commercialization at an industrial
scale. Accordingly, going by a greener route is much more sustainable and presents great signifi-
cance for the future prospects of dehydrogenation reactions.
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’I 6 Application of Pt- and Non
Pt-Based Zeolitic Catalysts
for the Dehydrogenation
of Light Alkanes

Hardik Koshti and Rajib Bandyopadhyay

16.1 INTRODUCTION

Since 1930, the insistence for saturated acyclic hydrocarbons has continued to rise. This is
mostly due to their higher reactivity and conventional usage as a construction constituent in the
manufacture of commodities, polymers, and specialised chemicals for routine use. Remarkable
socioeconomic growth in the last decade of the twentieth century was largely fuelled by the
accessibility of energy in the form of gas and oil. Natural fossil resources are primarily a col-
lection of saturated or aromatic hydrocarbons with no olefins. As a result, on-purpose and con-
ventional technologies are on trend for producing light alkenes. After C,H,, C;H; is the world’s
second-largest producer of acyclic hydrocarbons, but it is largely generated as a by-product of
fluid catalytic cracking and steam crackers. Propylene demand is steadily increasing because
of global economic expansion. Alternative propylene production systems using new, cheap, and
on-purpose propylene are gaining popularity (e.g., dehydrogenation of C;Hy). Likewise, straight
dehydrogenation of isobutane to isobutene, a transitional alkene for the synthesis of high octane
oxygenates (i.e., methyl tert-butyl ether [MTBE]), is commonly used. Because of the increased
demand for refinery fuel, on-purpose olefin mechanisms, namely, straight dehydrogenation, have
become more important than traditional techniques such as fluid catalytic cracking (FCC) and
steam cracking. Direct dehydrogenation produces propylene and isobutylene in a variety of pet-
rochemical complexes (Hamid and Ali 2004). On-purpose reactions, such as propane dehydro-
genation, methane to olefins, methane to propylene, syngas to alkenes, and double decomposition
can also yield olefins. Dehydrogenation is an industrially important chemical transition that is
used to make a variety of plastic products and chemicals. Moreover, it was one of the first indus-
trial techniques for the manufacture of petrochemicals. C;Hg is a low boiling, colourless, highly
flammable, and volatile gas used in the industry. C;H, is sold in three different ranks: polymer
grade with a purity of 99.5 % or higher (PG), chemical grade with a purity of 90-96 % (CG), and
refinery grade with a purity of 50-70 % (RG). Propylene oxide and polypropylene are both made
from PG. Impurities such as carbonyl sulphide, which can poison catalysts, are rare in PG pro-
pylene. Polypropylene, propylene oxide oxo-alcohols, acrylonitrile, butanal, cumene, and pro-
pene oligomers are the most common chemical uses of propylene. Ethylene-propene rubbers and
acrylic acid derivatives are two other applications. Most chemical derivatives use CG propylene
extensively (e.g., acrylonitrile and oxo-alcohols). Polypropylene production dominates world-
wide propylene demand, accounting for roughly 2/3 of overall propylene demand. Moreover,
it is valuable in some chemical reactions (e.g., isopropanol or cumene). The conversion of RG
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propylene to CG or PG propylene for consumption in the manufacturing of propylene oxide,
oxo-alcohols, acrylonitrile, and polypropyleneis is the most important market for RG propylene.
Mechanical components, containers, fibres, ABS polymer, propylene oxide, propylene glycol,
phenolic resin acrylic acid coatings, antifreeze, plasticizer cumene polycarbonates polyure-
thane, oxo-alcohol coatings, adhesives, and superabsorbent polymers are some of the major
propylene consumers.

During World War II, the Germans used dimerization, hydrogenation, and catalytic dehydro-
genation of C,H,, to produce high-octane aviation fuel (Bhasin et al. 2001). The use of oxygenated
hydrocarbons as gasoline fuels resulted in a surge in MTBE production. For the large-scale man-
ufacture of light olefins, particularly isobutylene for MTBE, direct dehydrogenation of paraffins
is used. n-butane can be changed into its isomer iso-butane, which can then be dehydrogenated to
yield corresponding isobutylene. Later, iso-butylene and methanol are combined in a liquid phase
reaction on a strong acidic resin to produce MTBE (Brockwell et al. 1991). Olah and Molnar in
2003 (Olah and Molnar 2003), Fei et al. in 2008 (Fei et al. 2008), and Nawaz et al. in 2009 (Nawaz
and Wei 2010, Tang et al. 2010; Nawaz, Baksh et al. 2013; Nawaz, Chu et al. 2010) described the
dehydrogenation of iso-butane as an equilibrium-restricted and extremely endothermic reaction
carried out at 555°C-649°C using Cr- or Pt-based catalysts. With a lower pressure and lower
temperature, the reaction rate and equilibrium conversion rise. At the same interval, a greater
temperature promotes coking and cracking processes, which diminish the specificity of alkenes.
Coking also poisons the catalyst, which is then routinely burned in an oxygen-diluents solution
to revive it and produce heat. Dehydrogenation of saturated acyclic hydrocarbons is one of the
utmost difficult chemical procedures to execute on a large scale because the thermodynamic sta-
bility restricts the greatest conversion per pass; it is also very endothermic and requires consider-
able heat. The complexation of the dehydrogenation reaction shows that a greater pressure has a
negative impact on the reaction. Regardless, light alkane dehydrogenation processes are typically
sluggish (Miracca and Piovesan 1999). Aromatization, cracking, and other side reactions are
kinetically and thermodynamically preferred under specific reaction conditions; therefore, the
problems are not confined to this sluggishness. To make a commercial process further profitable,
a good idea is to enhance the conversion per pass at the point where the intended product’s selec-
tivity is highest so that downstream treatment and recycling are less expensive. Coke is generated
and is an unavoidable by-product of the dehydrogenation reaction, which reduces catalyst activity
over time (Miracca and Piovesan 1999; Nawaz, Zhu et al. 2009; Nawaz, Shu et al. 2009; Nawaz,
Tang et al. 2009; Nawaz, Xiaoping et al. 2009; Nawaz, Chu et al. 2010; Nawaz, Qing et al. 2010;
Nawaz and Wei 2013).

Zeolites and zeolite supports are environmentally benign, shape selective, non-corrosive, sta-
ble, and hydrothermally solid acid catalysts and have gained prominence in the last three decades
for their use in dehydrogenation processes. Zeolites feature well-defined pore architectures with
Bronsted and/or Lewis acid locates (sites). Direct protonation of alkane by Bronsted acid sites is
the well-known starting step (Miracca and Piovesan 1999; Nawaz, Zhu et al. 2009; Nawaz, Shu
et al. 2009; Nawaz, Tang et al. 2009; Nawaz, Xiaoping et al. 2009; Nawaz, Chu et al. 2010; Nawaz,
Qing et al. 2010; Nawaz and Wei 2013; Nawaz et al. 2013; Vaezifar et al. 2011). Zeolite acid sites
have been seen to be insufficient for moderate alkane protonation to produce an alkoxy species
mechanism, as demonstrated by experiments (Miracca and Piovesan 1999; Nawaz, Zhu et al. 2009;
Nawaz, Shu et al. 2009; Nawaz, Tang et al. 2009; Nawaz, Xiaoping et al. 2009; Nawaz, Chu et al.
2010; Nawaz, Qing et al. 2010; Nawaz and Wei 2013; Nawaz et al. 2013). Lewis acid sites of zeolite
provide another route for the start of cracking and dehydrogenation. This is somehow connected
to the production of carbenium ion-activated complexes and hydride abstraction from alkanes.
Bimolecular hydride transfer and agglomeration reactions involve the original carbenium ion com-
plexes and mono molecular processes.
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FIGURE 16.1 Various catalysts for the dehydrogenation of propane to propylene (Hu et al. 2019).

Zeolite’s framework, structure, particle size, and acidity play major roles in determining how
well it performs catalysis (Rownaghi et al. 2011; Rownaghi and Hedlund 2011; Rownaghi et al.
2012a, 2012b; Rownaghi, Rezaei, Stante et al. 2012; Li et al. 2016). Because of the typically slow
mass transfer into and out of the active locates in zeolite’s micropores, there is the potential for
increased propylene oligomerisation and coke production due to a prolonged residence time (Li et
al. 2014; Haw and Marcus 2005). There is general agreement that propane dehydrogenation reac-
tions take place on zeolite’s acid sites. Additionally, the zeolite’s physicochemical and reactivity
characteristics are significantly influenced by the SiO,/Al,O; ratio (Armaroli et al. 2006; Thakkar,
Issa et al. 2017; Thakkar et al. 2016; Thakkar, Eastman et al. 2017). A 2-D channel system inter-
connecting micro networks with a 5-6 A size is provided by upturned mordenite (MFI) zeolites
such as H-ZSM-5 and silica solids such as MCM-41 (Michorczyk et al. 2008), MSU-x(Liu et al.
2007; Michorczyk et al. 2012), SBA-1 (Michorczyk et al. 2012), and SBA-15 (Li et al. 2016). In
the oxidative dehydrogenation (ODH) of alkanes with CO,, these materials have received extensive
evaluation.
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16.2 CHEMISTRY OF DEHYDROGENATION

The non-oxidative method to light olefins, known as direct dehydrogenation, is discussed here. The
activation energy of the dehydrogenation of isobutane and propane to equivalent olefin transforma-
tions is 121-143 kJ/mol, as shown in (Airaksinen et al. 2002).

CH; CH¢+H,
i-C,Hy ~,i-C,Hy + H,

Because the processes are reversible, strongly endothermic, and likely lead to volume expansion, a
lower pressure (under vacuum) and higher temperature favour forward reactions. The energy demand
for endothermic reactions is the most critical feature of light alkane dehydrogenation. In addition
to catalysts, one of the key technological hurdles that distinguishes commercial reactor designs and
processes is heat input to the reactor (Sanfilippo 2011). Conversely, high temperature stimulates
secondary reactions and the generation of coke while also deactivating the catalyst (Miracca and
Piovesan 1999; Nawaz, Zhu et al. 2009; Nawaz, Shu et al. 2009; Nawaz, Tang et al. 2009; Nawaz,
Xiaoping et al. 2009; Nawaz, Chu et al. 2010; Nawaz, Qing et al. 2010; Nawaz and Wei 2013).

Because C-H bonds are much more reactive than C-C bonds in paraffins and olefins, a cata-
lyst that favours C-H bond rupture over C-C bond cleavage to avoid side reactions is a favourable
option for paraffin dehydrogenation. Undesirable side and secondary reactions, are a problematic
concern for the more reactive olefins than their respective paraffins. Alkane hydrogenolysis as
catalysed by platinum sites requires C,H adspecies and/or hydrogen atoms (Nawaz and Wei 2013;
Cecilia et al. 2015).

For the direct dehydrogenation reaction, catalysis is widely used. Many materials have been
investigated as light alkane catalysts; however, two forms of combinations are used in practise: cata-
lysts based on metal oxide and catalysts based on noble metals (e.g., Pt-based and promoted Cr-based
catalysts) (Airaksinen et al. 2002; Sanfilippo 2011). As a result of the harsh reaction conditions,
catalysts are aimed to restrict unpreventable termination because of morphological transforma-
tions, volatilization, sintering, and hydrothermal restoration with oxidants resulting in a long active
life (Airaksinen et al. 2002; Sanfilippo 2011). The only metal that has been thoroughly researched
is platinum. CrO,, however, is the most well-known metal oxide, with commercial applications in
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FIGURE 16.2 Dehydrogenation reaction catalysed by gallosilicate MFI zeolite (Choi et al. 2017).
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mild alkane dehydrogenation. The usage of Ga, V, In, Zn, and Mo oxides has produced promising
results (Miracca and Piovesan 1999; Nawaz, Shu et al. 2009; Nawaz, Tang et al. 2009; Nawaz,
Xiaoping et al. 2009; Nawaz, Chu et al. 2010; Nawaz, Zhu et al. 2009; Nawaz, Qing et al. 2010;
Nawaz and Wei 2013; Rownaghi, Rezaei, Stante et al. 2012; Li et al. 2016; Li et al. 2014; Haw
and Marcus 2005; Armaroli et al. 2006; Thakkar, Issa et al. 2017; Thakkar et al. 2016; Thakkar,
Eastman et al. 2017; Michorczyk et al. 2008; Liu et al. 2007; Michorczyk et al. 2012; Airaksinen et
al. 2002; Sanfilippo 2011). The inevitable build-up of coke on the catalyst surface causes a gradual
loss in catalytic activity and necessitates routine renewal. Because some catalysts also utilise the
redispersion of active metal, each catalyst undergoes a sequence of introductions to changing atmo-
spheres: dropping during reaction and oxidising during regeneration. An appropriate catalyst is one
that has longer stability, permits high reaction speeds, and has a higher olefin selectivity (Sattler,
Ruiz-Martinez et al. 2014; Sattler, Gonzalez-Jimenez et al. 2014). The following are the primary
categories of dehydrogenation catalysts described in patents and academic publications.

16.3 NON PT-BASED ZEOLITIC CATALYST

16.3.1 VANADIUM OXIDE-BASED ZEOLITIC MATERIALS

Vanadium-based materials are the most effective, selective, and thoroughly studied catalysts for the
ODH of alkanes (Nakagawa et al. 2001; Liu et al. 2001; Chen et al. 2002; Sattler, Gonzalez-Jimenez
et al. 2014). It is usually found that reinforced V,O; catalysts are more specific than unassisted bulk
V,0; catalysts because the VO, species reacts with oxide supports (such as ZrO,, Nb,Os, Al,O;,
TiO,, Si0,, etc.) (Pak et al. 2002; Chen et al. 2002; Liu et al. 2016). The interaction amongst the
deposited V,0; and the oxide support is thought to determine the structure of subsequent surface
VO, species (Kondratenko et al. 2005; Rownaghi and Taufig-Yap 2010; Rownaghi et al. 2009). It is
believed that factors such as the calcination temperature, loading, additives, proportion of different
vanadium oxide species, and specific support used affect vanadium oxide’s catalytic performance in
the oxidative dehydrogenation of propane (ODP) and its specificity for propylene. Both unsupported
and supported vanadium catalysts react according to the Mars-Van Krevelen redox mechanism,
which consists of the activation of C-H bonds by lattice oxygen (Chen et al. 2002; Sugiyama et al.
20006). Lattice oxygen atoms are involved in the C-H bond activation stage, and a detailed mechanis-
tic and kinetic investigation has demonstrated that every reaction turnover needs a reduction (2 elec-
tron) of high-valent M™ cations to produce 1 M2 or 2 M™! ions. The created alkyl species desorb
into propylene, while residual —OH groups interact with nearby groups to create reduced vanadium
centres and water molecules (Sugiyama et al. 2006). The formation of water may be encouraged
by the addition of CO,. By the dissociative chemisorption of O,, the reduced vanadium centres can
be reoxidised (Sugiyama et al. 2006). The rate constant for re-oxidising condensed centres with O,
on MoO,- and VO,-based catalysts is higher than those for re-reducing them through the C-H bond
activation stages (Langanke et al. 2014). Several scientists have hypothesised that the ODP rate rises
as active metal oxides grow more reducible (Chen et al. 2002; Langanke et al. 2014; Grabowski
2006; Takehira et al. 2004). In the ODP reaction over VO, provinces and oxygen vacancies, O-H
groups and surface O, are the primary reactive intermediates (Botavina et al. 2008).

V,0; is commonly well-known for oxidation processes of hydrocarbon, while at the same
time, considerable research into ODH utilising V-Mg mixed oxides was reported by Wachs and
Weckhuysen in 1997 and Zhang et al. in 2011 (Zhang, Zhou, Tang et al. 2012; Zhang, Zhou et al.
2011; Weckhuysen and Wachs 1996). Monolayer coverage causes isolated vanadium crystallites
(species) to develop, such as when V-O-V, VO, or V-O-hosted (diverse dioxides with Zr, Mg, Ti, or
Al) are combined, an anchoring site (hydroxyl groups) should be present on the support’s surface
to produce a well-scattered catalyst. According to studies, V species that are straight attached to
the y/6-alumina support are active positions for dehydrogenation, while remote active sites result in
deactivation because they produce coke. Reduction of vanadium oxide with CO, CH,, and H, was



Pt and Non Pt-based Zeolitic Catalysts for Dehydrogenation 243

seen to never finish, and oxide species such V3*, V#* and V3* was seen to stay on the catalyst surface
(Zhang, Zhou et al. 2011). According to Zhao et al. (Michorczyk et al. 2010), the intrinsic activity for
propane dehydrogenation and coke deposition is closely connected to the presence of —OH groups
on the surface of the VO,/Al,O; catalyst. The surface —OH groups on the pre-reduced catalyst sig-
nificantly reduced coke deposition compared to the material without pre-reduction. However, the
valence state transition of the active vanadium species generated by these hydroxyl groups resulted
in an unavoidable reduction in the intrinsic activity of the pre-reduced sample. As the support, Baek
et al. (2012) developed mesoporous alumina with a constrained pore size distribution and a substan-
tial specific surface area, which outperformed the conventional alumina-supported catalyst in terms
of activity and stability. Alkali or alkali earth metals have traditionally been added to VO,/Al,O; as
promoters to change the acidic characteristics of alumina and increase its selectivity to olefins. In
contrast to the nanoparticles of V,0Os, Liu et al. (Liu et al. 2016) discovered that a moderate quantity
of Mg promoted the synthesis of two-dimensional VO, species. As a result, the selectivity to pro-
pene dramatically enhanced from 82 to 93 %, and the catalyst stability was improved because of the
significantly decreased coke deposition rate.

Zhang et al. (Zhang, Jia et al. 2011) investigated a variety of V-Cr/SBA-15/A1,0,/FeCrAl metal
massive material for the ODH reaction including V values of 10 wt. % and Cr matters ranging from
0 to 12.5 wt. %. Catalysts were assessed in fixed bed reactor (FBR) at 450-700 °C, 1 atm, GHSV =
14,400 ml/g.h. for the C;Hy/CO, space velocity and for a molar ratio of 3 for the V,/Vays. X-ray
photoelectron spectroscopy (XPS) analysis was used to determine the oxidation states of vanadium
and were found to be +5 and +4. The comparative content and overall quantity of the V* species
rose with the incorporation of the Cr species and peaked at 10 wt. % Cr content. With even more of
an upsurge in the Cr level, to 12.5 %, V3 species sharply decreased. More Cr** species are develop-
ing, which prevents the emergence of distributed tetrahedral V>*+ species as a result. The catalysts
also contained Cr** and Cr®* species, with the quantity of Cré* reaching a peak at 10 wt. % Cr. By
showing C;H; conversion of 49.9 %, a specificity of 86.5 % for C;Hy, and a yield of 42.5 % at
650 °C, the V-Cr/SBA-15/A1,0,/FeCrAl catalyst having 10 wt. % Cr and 10 wt. % validated the best
efficiency. Above these loadings, the selectivity to secondary products such as methane and ethane
rose, while the efficiency of propylene declined. The primary active component in the ODP reaction
was the tetrahedral vanadium (V>*) species. It was thought that the altered redox characteristics and
increased catalytic activity of the catalyst were caused by their significant contact with chromium
oxide and vanadium oxide.

FIGURE 16.3 Catalytic dehydrogenation using vanadium species (Liu et al. 2016).
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FIGURE 16.4 Possible reaction mechanism of the dehydrogenation of propane over Fe-silicate zeolites (Yun
and Lobo 2014).

16.3.2 CHROMIUM OXIDE-BASED ZEOLITIC MATERIALS

Frey and Huppke introduced Cr,0;-based dehydrogenation catalysts in the 1930s. The widely used
formulation contains Cr,0O;. Airaksinen et al. in 2002 examined the assembly at various reaction
conditions, effect of alkali metals, characteristics of the active sites, promoters, mechanism of dehy-
drogenation, and role of support. The surface-detected species of a fresh chromium oxide cata-
lyst included Cr¢*, Cr3*, Cr**, and Cr?**. Among these surface types, highly dispersed monomeric
Cr3* or Cr?* species are often believed to represent the active sites for dehydrogenation. Their rela-
tive concentration appears to be affected by a number of variables, including the amount of chro-
mium loaded per unit surface area, method of calcination, and kind of support. With poorly bound
supports, isolated CrO,> species often predominate at lower chromium loading levels; however,
Cr-O-Cr species were more common because of the production of Cr,O; crystallites at elevated
concentrations. According to recent spectroscopic findings, at the cost of Cr®* species, surface Cr**
species are created. The active site for dehydrogenation processes has been considered to contain a
combination of Cr?* and Cr** because polychromate is easier to reduce than monochromate (Griinert
et al. 1986; Cimino et al. 1991; Weckhuysen et al. 2000).
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In spectroscopic studies conducted by Shi et al. in 2008 (Shi et al. 2008) and Fang et al. in 2015
(Fang et al. 2015), it was discovered that three distinct forms of Cr3* ions could be identified, specifi-
cally, three types of Cr** species: (i) isolated Cr3* ion centres stabilised by the alumina surface; (ii)
tiny amorphous Cr?* clusters; and (iii) a reduction of Cr®/Cr3* surface ions generates Cr** species.
Induction-phase reduction of highly oxidised Cr species to active Cr species with a minor oxidation
state and insignificant selectivity has been found to be irresponsive to the Cr loading. However, high
selectivity of 90 % can be achieved at a conversion rate of 55 %. With the intention of up-surging
the activity of chromium dehydrogenation catalysts, Puurunen et al. in 2001 (Puurunen et al. 2001)
and Michorczyk et al. in 2010 (Michorczyk et al. 2010) suggested the accumulation of CO, as a
mild oxidant. This removes evolved H, through a reaction known as RWGS reaction with no harm
to Cr’* active sites, efficiently shifting the equilibrium toward the product. Using MCM-41 as sup-
port, Kilicarslan et al. in 2013 attempted to boost the performance of chromium-based catalysts and
observed that isobutane dehydrogenation deactivates at a slower rate. The outcome of the charac-
terization further showed that the Cr®* percentage concentration was greater than before, and the
chromium was evenly distributed throughout the MCM-41 (Kilicarslan et al. 2013). The following
are some crucial characteristics of chromium-based catalysts (Chaar et al. 1987).

1. Even with excess O,, Cr,0; is thermodynamically stable (regeneration environment).

2. On a new catalyst, different chromium species, including crystalline Cr,0;, soluble Cr®*,
and dispersed Cr’*, develop.

3. During reduction, all Cr®* species are totally reduced.

. Coordinative unsaturated Cr?*, both Cr >* and Cr3*, contribute to the catalytic activity.

5. The solid-state reaction that produces a-Cr,05-4A1,0; results in the everlasting deactiva-
tion of chromia-alumina catalysts.

N

Regardless of the support, Takehira and his colleagues (Takehira et al. 2004) confirmed that the
electrochemical cycle among Cr®* and Cr(VI)O, plays a major role in the dehydrogenation of C,Hg
over both Cr/SiO, and Cr/Al,O; catalysts. According to their research, under the reaction conditions,
CO, oxidises a portion of Cr** to Cré* species. As a consequence, in the case of Cr/SiO,, in addition
to the straightforward dehydrogenation over Cr3* species, the ODH of C;Hy over Cré* species also
occurs. The hypothesised process for dehydrogenation over Cr-based catalysts is depicted in Figure
16.5. (Michorczyk et al. 2012; Atanga et al. 2018) According to this mechanism, the reduction of
Crf* species at the primary phase of the dehydrogenation reaction creates scattered Cr?* and Cr**
sites that take part in the propylene formation via a non-oxidative route. Cr3* and Cr?* locates, in the
presence of CO,, may also participate in the production of H, in the ODP by a RWGS reaction and
in a different oxidative route for the creation of propylene.

The hydrothermal technique at 180 °C was used by Wu et al. (Wu et al. 2013) to prepare a
sequence of Cr,0;-ZrO, mixed oxides for ODH with CO, (ODPC). The reaction was conducted
with a balance of N,, 2.5 vol. % C;Hg, and 5 vol. % CO, at 550 °C. A hydrothermal treatment cata-
lyst produced a propane conversion of 53.3 % (C;Hy), which was comparatively 1.6 times higher
than the standard Cr,0;-ZrO,. Because Cr®* species are more active in reactions, increased efficacy
of the thermally produced catalysts was ascribed to their increased surface area and Cré* concen-
tration over Cr**. With the lack of CO,, a conversion of 76.5 %, specificity of 60.3 %, and turnover
frequency (TOF) value of 14.8 x 104 s~! were attained in less than 10 minutes. However, TOF values
and the conversion rate fell to 0.6 x 104 s~! and 3 %, respectively, and specificity touched 97.4 % in
6 hrs. with coke sedimentation of 9 %. However, similar behaviour was shown in the presence of
CO,, where preliminary TOF and conversion declines from 10.3 x 104 s~! and 53.3 % to 5.4 x 104
s™' and 27.7 %, respectively, while an increase in specificity is observed from 79 % to 90.8 % in 6
hrs. with 2.7 wt. % coking (Wu et al. 2013).

Zhang et al. (Zhang, Wu et al. 2011) synthesized Na-H-ZSM-5 and employed it in propane’s
ODPC process at 550 °C with crystal sizes of 400 nm (H-ZSM-5-S) and 2 ym (H-ZSM-5-L).
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Compared to H-ZSM-5, which has a larger crystal size (about 2 pm), the sub-micro size catalyst
(about 400 nm) demonstrated noticeably higher activity. The authors also investigated the influence
of promoters such as Cr®* on the ODP reaction over H-ZSM-5 catalysts with both the existence and
lack of CO,. The primary propane conversion of 48.3 %, 96.0 %, and selectivity towards propylene
were 11.3 %, 92.8 % over Cr/H-ZSM-5-S and Cr/H-ZSM-5-L, respectively. These values fell to
30.1 % and 91.8 % for the earlier catalyst after 8 hours on stream and to 8.4 % and 94.1 % for the
subsequent catalyst. The sub-micro size catalyst had a substantially larger proportion of surface Cré*
species than that of the micro size catalyst, which contributed to its enhanced catalytic efficiency,
according to diffuse reflectance UV-Vis, H,-TPR, XPS, and combined Raman data. Deactivation of
the catalyst was impacted by a reduction of monochromate Cr®* to polychromate Cr** in addition to
the creation of coke, and the catalyst could be regenerated by oxidising Cr** once more and burning
carbon deposits.

In a different study, Botavina and colleagues (Botavina et al. 2016) observed positive outcomes
with a Cr deposition of 5 wt. % on SiO,, but the catalyst rapidly lost its activity as a result of the
chromium species clumping together. The same researchers employed direct hydrothermal syn-
thesis in a subsequent work to enhance the distribution of Cr atoms on the substrate for the ODP
reaction with CO, or CO, + O, atmosphere in the environment that was similar to an industrial envi-
ronment. When CO, was used as the oxidant in ODP, the initial C;Hg conversion rose from 40 %
to 70 % for 0.25-Cr1/SiO, and stayed at 50 % after 6 hrs. for 2.0 wt. % Cr/SiO,.

The effectiveness of a Si-Beta catalyst containing Cr in catalyzing propane dehydrogenation to
propene with CO, assistance was examined by Michorczyk, Piotr, et al. (Michorczyk et al. 2020).
Comparative catalytic studies show that Cr, (Si-beta was positively affected by CO, propylene
production. Dealumination with acid nitrate was used, and the result was a decline in the Si/Al
ratio from 17 to 1,000. Their research shows that the presence of CO, increases selectivity and
yield to propene in in the dealuminated form of beta zeolite. Cr,O,-based catalysts were hosted on
various pure siliceous supports, including ordered SBA-15, MCM-41, SBA-1, and MSU-x or non-
ordered SiO,, and a similar promoting effect was seen (Takahara et al. 1998; Michorczyk et al. 2011;
Michorezyk et al. 2008; Liu et al. 2007; Michorczyk et al. 2012). To the contrary, CO, has an adverse
effect on the Cr, jAl-beta catalyst that is comparable to the poisoning effect seen with chromium
oxide catalysts based on y-Al,O;.

Xie, Linjun, et al. (Xie, Wang et al. 2021) prepared sequences of Zn-enclosing silicate-1 zeolite
(namely, Zn@S-1) with various Zn loadings via a ligand-protected direct hydrothermal route. The

CrO, 1

C Hg +H
CrO 3 s +H;
co
co, CrO, / Non-oxidative pathway
CHg + H,o

Redox Cr locates = CrO /CrO, 5

Non-Redox Cr locates = CrO,

Oxidative pathway

FIGURE 16.5 Probable mechanism of Cr-based catalyst on the ODPC reaction (Michorczyk et al. 2012;
Atanga et al. 2018).
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catalyst Zn@S-1 zeolite was used for the prospective propane dehydrogenation process, with zinc
atoms serving as key constituents. They discovered in-situ restricted reduction of Zn species, with
partly reduced Zn cations acting as active sites for the propane dehydrogenation (PDH) process.
The Zn-4@S-1 catalyst showed high propylene selectivity, good dehydrogenation activity, and rede-
velopment proficiency in the PDH process, with a propylene selectivity of 97% attained at 580 °C.

Cheng, Yanhu, and colleagues used an incipient wetness approach to manufacture catalysts made
of ultrafine ZSM-5-supported Cr,0; particles and examined their catalytic efficiency for the dehy-
drogenation of C,Hj in the presence of CO, (Figure 16.6) (Cheng et al. 2015). Their findings show
that ultrafine Na-type ZSM-5-supported Cr,0O, particles with a high Si/Al ratio turn out to be out-
standing catalysts for the ODH of C,H, with CO,. With a C,H, conversion of 65 % and C,H, pro-
duction of 49 % after 50 hours, the catalyst demonstrated both excellent stability and activity. The
catalyst characterization results demonstrate that the greater extent of distribution of CrOx particles
on the ultrafine ZSM-5 surface is responsible for the remarkable catalytic activity.

Recent studies have shown that mesoporous sieves containing Cr have remarkable catalytic
activity in ODPC reactions (Baek et al. 2012; Michorczyk et al. 2012; Michorczyk et al. 2010).
Michorczyk et al. (Michorczyk et al. 2010; Puurunen et al. 2001) created a sequence of Cr/SBA-1
catalysts with a well-organized cubic assembly having Cr/Si = 0.06 (atomic ratio) by integrating
14 different quantities of Cr (1-15 wt. %) into SBA-1 and a large definite surface area (S-BET >
900 m? g!). The findings of Michorczyk et al. were supported by those of Baek et al. (Baek et al.
2012) that the activity of the catalyst rose with Cr concentration, reaching an ideal loading of 4.3
wt. %. The integration method improved the dispersion of the Cr species inside the framework and
network of the catalyst, thereby elevating the Brunauer-Emmett-Teller surface area. This contrasts
with the standard wet impregnation route, where Cr rests on the pore mouths of support and on the
surface. The amount of redox chromium species was found to be inversely correlated with the dehy-
drogenation activity. Expanding an in-situ UV-Vis DR analysis, Michorczyk’s group (Michorczyk
et al. 2010) looked into the properties of Cr/SBA-1 in more detail. The Cr® species was being
quickly decreased at the initial ODPC reaction, according to the results. Grounded on their findings,
the authors concluded that the resulting Cr** and Cr?* species start redox cycles that are account-
able for the increased catalytic efficiency of the Cr/SBA-1. Takehira et al. (Takehira et al. 2004)
reported in a different experiment the impact of CO, on the oxidation of propane over a Ct/MCM-41

Submicron

-, ZSM-5 zeolite

FIGURE 16.6 Dechydrogenation of ethane with CO, above Cr sustained on submicron ZSM-5 zeolite (the
image of the zeolite framework is reprinted from (Xu et al. 2017; Cheng et al. 2015)).
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catalyst. They discovered that the addition of CO, doubled the yield of C;H, and C;H;. With both
the existence and lack of CO, during the process over the Cr-MCM-41, the catalyst activity steadily
reduced, indicating catalyst deactivation.

To separate hydrogen in the existence of lighter hydrocarbons and for PDH, Pati, Subhasis, et
al. (Pati et al. 2020) successfully synthesised and tested a three-layer coating with LTA zeolite
on the periphery and an ultrathin (~1um) Pd membrane on the underside of an Al,O, cylindrical
fibre support (Figure 16.7) (Pati et al. 2020). Their findings show that related to the only inter-
nal layered Pd membrane, the three-layer coating exhibited superior performance for milder
hydrocarbons (C;Hg and C;Hy). They reported that the three-layer coating showed outstanding
thermal strength in the presence of propane and propene at 600 °C for 72 hrs. According to
their findings, the consistent nano-sized holes (0.4 nm) in the LTA zeolite were effective at
blocking hydrocarbon molecules. They demonstrated the membrane for the dehydrogenation
of propane by using 7.5 wt. % Cr/Al,0; as the PDH catalyst at 600 °C. They claimed that the
catalytic-membrane reactor produced 15 % more propane than a traditional FBR while main-
taining equivalent propene specificity. The simultaneous elimination of H, from the product
mixture through the dehydrogenation of propane is primarily accountable for the increase in
the activity of the catalyst.
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FIGURE 16.7 Graphical representation of the three-layer catalytic membrane reactor for dehydrogenation
(Pati et al. 2020).

TABLE 16.1
Catalytic Application of Some Novel Dehydrogenation Catalysts
Reaction Condition Selectivity ~ Conversion Catalyst Reference
(mol %) (mol %)
5 ml min~!isobutane, 4 g catalyst, 600 °C 90.2 45.6 NiSn/SnO, (Wang, Wang et al.
2016)
8 ml min~! propane, 4 g catalyst, 600 °C 94 35 Sn/SiO, (Wang, Zhang et al.
2016)
1.65 ml min~' propane + 53.4 ml min~' N,, >99 4.9 Isolated Fe(II) on SiO, (Hu, Schweitzer,
0.5 g catalyst, 650 °C Zhang et al. 2015)
1.65 ml min~! propane + 53.35 ml min~! N,, >90 4-10 Single-site Co (I) on  (Hu, Schweitzer, Das
1 g of catalyst, 560 °C SiO, et al. 2015)
1.65 ml min~' propane + 53.35 ml min~' N,, 86-95 60-40 Single-site Co (I) on  (Hu, Schweitzer, Das

1 g of catalyst, 650 °C Sio, etal. 2015)
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TABLE 16.1 (Continued)
Catalytic Application of Some Novel Dehydrogenation Catalysts

Reaction Condition Selectivity  Conversion Catalyst Reference
(mol %) (mol %)

2.4 ml min~! isobutane + 3.6 ml min~! N,, 93-88 14-36 2.3V/ALO, (Rodemerck et al.
0.3 g of catalyst, 550 °C (27 hrs.) (27 hrs.) 2016)

1 ml min~! propane + 4 ml min~' Ar, 80-90 24-8 Ga/Al, O, (Szeto et al. 2018)
0.05-0.1 g of catalyst, 550 °C (25 hrs.) (25 hrs.)

10 ml min~!isobutane, 0.5 g of catalyst, 44-66 26-22 Mo/AL, O, (Zhao et al. 2017)
600 °C (0-100 mins.) (0-100 mins.)

7 ml min~! propane + 7 ml min~! H, + 11 ml 83-90 33-22 12V1Mg/AlL O, (Wu et al. 2017)
min~' N,, 0.25 g of catalyst, 600 °C (4 hrs.) (4 hrs.)

1 ml min~! propane + 19 ml min' N,, 0.1 g 33-55 18.5-2 In-Ga-O (Tan et al. 2015)
of catalyst, 530 °C (6 hrs.) (6 hrs.)

1 ml min~! propane + 19 ml min~' N,, 0.2 g 92 41.3-24.7  Hierarchical porous (Hu et al. 2018)
of catalyst, 600 °C carbon

2 ml min~!isobutane + 12 ml min~' N2, 4 g 82-90 63-71 Metal sulphide (Wang, Li et al. 2014)
of catalyst, 560 °C

0.3 ml min~! propane + 14.7 ml min~! He, 92 16-12 Hybrid nanocarbon (Wang et al. 2014)

0.25 g of catalyst, 550 °C

16.4 PT-BASED ZEOLITIC CATALYST

The first source of inspiration was the employment of bifunctional supported metal catalysts for
catalytic remodelling as active locates for hydrogenation, isomerization, hydrocracking, dehydro-
genation, and cyclization processes. For dehydrogenation catalysts, however, the acidic function
must be minimised to prevent adverse effects. All of the Group VIIIB noble metals are typically
involved in the hydrogenation or dehydrogenation of alkanes. It has been proven that platinum
has excellent C-H bond activation but also poor C-C cleavage activity. As a result, Universal Oil
Products (UOP) commercialised it in the Pacol process in 1968 and then in Oleflex in the early
1970s. However, Pt has a low efficacy for hydrogenolysis but is deactivated due to carbon accumu-
lation. Extensive research has been conducted to reverse the association between the hydrogenoly-
sis rate (i.e., coking) and the particle size (Monzén et al. 2003; Goodwin et al. 2004). It is thought
that two processes—(i) side reactions that result in coke covering the active surface area and (ii)
the thermal gradient during the restoration process—cause the clumping or sintering of Pt-based
dehydrogenation catalysts. As a result, the Pt-support interaction is critical and is determined by
the robustness of the Pt-O-M bond (where M stands for the cation in the host). However around 500
°C, when the relations between the host and the dynamic surface complexes of PtO; and PtO,Cl,
are created, by the addition of modest amounts of oxygen and chlorine, Pt can be redispersed
(Damyanova et al. 1997). The traditional support for the majority of catalysts, including platinum-
based dehydrogenation catalysts, is high surface area alumina, but it is acidic. Promoters are thus
employed to reduce acidity. Utilizing more steady derivatives of alumina, such as a- or 8-alumina,
which have lower surface areas and comparatively fewer Bronsted acid locates than y-alumina, is
another tactic.

16.4.1 SN METAL AS PROMOTER

It is thought that active sites of zeolites have a wide range of crystal shapes and strengths,
which affects how accessible they are. Numerous studies have examined Pt-Sn-based catalysts
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reinforced on zeolite and/or amorphous materials for mild alkane dehydrogenation (Sattler,
Ruiz-Martinez et al. 2014; Sattler, Gonzalez-Jimenez et al. 2014). According to favourable geo-
metrical and/or electrical effects, tin was chosen as a promoter (Faro Jr et al. 2003). The size
of platinum ensembles shrinks with geometric effects. Tin covers the 5d band of platinum in
a Pt-Sn alloy or solid solution, minimizing hydrocarbon interaction with platinum, and as a
result, the amount of hydrogenolysis and coke production also decreases. Through the positive
charge transfer from Sn* ions, Sn also alters the electronic density of platinum (Nawaz and Wei
2013). Tin aids in the accessibility of adequate platinum locates for dehydrogenation at reaction
temperature and slows the creation of the Pt-Sn alloy (Miracca and Piovesan 1999; Nawaz, Zhu
et al. 2009; Nawaz, Shu et al. 2009; Nawaz, Tang and Wei 2009; Nawaz, Xiaoping et al. 2009;
Nawaz, Chu et al. 2010; Nawaz, Qing et al. 2010; Nawaz and Wei 2013; Airaksinen et al. 2002;
Weckhuysen and Wachs 1996).

According to Nawaz et al. (2010) and Zhang et al. (2012), tin additionally stabilises the sur-
face area and lowers the acidity of the supports. Therefore, we can conclude that interactions
among platinum, tin, and the support affect how well Pt-Sn-based catalysts function in the
dehydrogenation process (Zhang, Zhou, Shi et al. 2012; Nawaz, Qing et al. 2010). According to
Weckhuysen et al. (1998) and Faro et al. (2003), the aggregation of platinum particles and carbon
deposition is a key cause of the platinum-based catalyst’s deactivation during PDH (Rownaghi,
Rezaei, Hedlund et al. 2012; Faro Jr et al. 2003). Tin promoters make it easier for coke to be
transferred from active platinum sites. Nawaz et al. (Nawaz, Wei et al. 2010) investigated a vari-
ety of additional promoters, including La, Mg, Cu, Zn, Ru, Na, and Ca, although their role is
disputed (Nawaz, Wei et al. 2010).

According to reports by Miracca and Piovesan (1999), Airaksinen et al. (2002), and Nawaz,
Zeeshan et al. (2010), the following properties of Pt-Sn-based catalysts are significant (Miracca and
Piovesan 1999; Nawaz, Zhu et al. 2009; Nawaz, Shu et al. 2009; Nawaz, Tang et al. 2009; Nawaz,
Xiaoping et al. 2009; Nawaz, Chu et al. 2010; Nawaz, Qing et al. 2010).

1. Through sintering and coke fouling, catalysts age through a “double mechanism.”

2. The catalyst can withstand various percentages of coke accumulation while maintaining
sufficient catalytic activity and permitting several hours of reaction time on stream without
regeneration.

3. Because hydrogen suppresses coking processes, its existence increases the efficacy of the
catalyst.

4. Tt is possible to regenerate using oxygen, steam, or air. Additionally, chlorine’s redistribu-
tion of platinum (through the interaction between platinum and chloride on the surface)
lessens sintering.

16.4.2 Ck METAL AS PROMOTER

According to research by Mostafa Aly et al. (Aly et al. 2020), using Pt/Al,0; catalysts with the right
quantity of boron decreases carbon build up and improves propylene selectivity during PDH, which
increases productivity. Interestingly, only boron added prior to platinum improves selectivity and
carbon resistance, while boron added after platinum just lowers activity. In particular, advancement
with 1 wt. % boron diminishes the carbon content by three times and boosts propylene selectivity
from 90 to 98 %. Naseri et al. (2019) showed that, in the dehydrogenation of propane, Ce demon-
strates enhanced aiding effects on the Pt-Sn-K/y-Al,O, catalyst, as demonstrated by the general
evaluation of Zn, Ce, and Co as the promoter. The Pt-Ce contacts improve the ability of Pt atoms to
counterattack the agglomeration, increasing selectivity. The catalysts Pt-Sn-K-Co, ;/y-Al,O;, Pt-Sn-
K-Zn,,/y-Al,O;, and Pt-Sn-K-Ce,, s/y-Al,O, had the ultimate PDH performance among those made
with various loadings of Ce, Zn, and Co. Additionally, the best conversion and selectivity were
demonstrated by Pt-Sn-K-Co, ;-Zn,,;/y-AlL,O;.
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FIGURE 16.8 Dehydrogenation of C;Hg to C;Hg over a Pt-Sn-Na/y-Al,O, catalyst (reprinted with permis-
sion from Zhao) (Zhao et al. 2018).

16.4.3 GaLLium (III) OXIDE AS PROMOTER

Numerous research teams have examined how zeolites behave in the ODPC reaction in relation to
surface acidity. As reported, the efficacy of the catalyst reduced, but the specificity upgraded cor-
respondingly as the Si/Al ratio of H-ZSM-5-supported Ga,O; increased (Ren et al. 2012). Because
Bronsted acidity is related to H-ZSM-5 rather than to Lewis acidity, which is associated with Ga,0;,
removing the aluminium from H-ZSM-5 resulted in a substantially larger reduction in Bronsted
acidity than in Lewis acidity. The catalytic efficacy of the Ga,0;-assisted H-ZSM-48 catalyst for the
ODPC process was reported by Ren et al. (Ren et al. 2012) in the same work. However, Ga,O,/H-
ZSM-48 with an Si/Al ratio of 130 demonstrated the greatest propylene output of 22.2 %. The
effectiveness with many Si/Al ratios was equivalent to the previous observations. Due to its weaker
acidity, Ga,05/H-ZSM-48 had a greater selectivity for propylene than Ga,O,/H-ZSM-5, especially
at minimal propane conversion. However, Ga,0,/HZSM-48’s stability was poorer than Ga,O,/H-
ZSM-5’s stability, which may be due to the material’s unidimensional pore structure and numerous
weak acid sites.

16.4.4 ALKALINE EARTH METALS AS PROMOTER

By reducing side reactions, Sn-aided Pt-H-ZSM-5 lowers coke production, according to studies con-
cerning the impact of metal promoters on the catalytic performance of zeolites (Liu et al. 2021). As
a result, it improves catalytic activity, stability, and Pt dispersion because of its geometrical effect.
As shown in Table 16.2, adding Na, La, Zn, and Mg can enhance the synergy between the zeolite
support and the metals by neutralising the strong acid locates on the catalyst surface (Tasbihi et al.
2007). These assertions were supported by Zhang et al. (Zhang et al. 2010), who co-impregnated
H-ZSM-5 with Pt and Sn and then impregnated it with various K concentrations in the absence of
CO, for PDH. Characterization findings suggested that adding K lowered the acid locates in the
catalyst while improving Pt dispersion and the relationship between Pt and Sn. This increased
the catalyst’s activity, selectivity, and stability, but the performance grades down past an optimal
composition (about 0.8 wt. % K). At this K composition, a higher conversion of 33 % was achieved,
along with a yield of 30 % and specificity of 91.43 %. These results are better than those of Pt-Sn/H-
ZSM-5, which had conversion as high as 27.5 %, yield as low as 12 %, and selectivity as low as 37.3 %
after 8 hours on stream.

16.4.5 TRANSITION METALS AS PROMOTERS

Zhang et al. (Zhang et al. 2015) employed hydrothermal synthesis to introduce Zn into the H-ZSM-5
framework and utilized it as a platform for Pt catalysts. Interestingly, using this Zn/H-ZSM-5
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caused the reduction resistance to increase and the Pt and support to interact strongly. Pt-Na/Zn
(1 %)-H-ZSM-5 displayed the best stimulating behaviour with an early activity of 40.60 % and the
least deactivation rate (7.3%) throughout 10 hrs. of reaction duration. The development of the Pt-Zn
alloy, however, lowered Pt distribution and altered the metallic phase, which reduced the reac-
tion stability and activity as the Zn concentration rose. Due to hole obstructions caused by metal
atoms, the surface area of the zeolite was reduced by metal impregnation (Zhang et al. 2015). In
a later study by the same team (Zhang, Zhou, Tang et al. 2012), a stronger association between
Pt and Sn oxide and lower dealumination of H-ZSM-5, leading to an improved catalytic efficacy
for PDH to propylene was proved by calcined Pt-Sn-Na/H-ZSM-5 with La-doped. Contrary to the
catalyst without La calcined, the treatment carried out at temperatures between 500 °C and 650
°C resulted in a strong linkage between the La atoms and the host, which, in turn, suppressed the
dealumination of the host and increased bonding between the Sn atom and the host and between
Sn and the Pt oxides. The catalyst from La, calcined at 650 °C, had the maximum reaction effi-
ciency and durability in a PDH test. Additionally, the creation of tiny crystal sizes caused by
the addition of a metal to the zeolite structure enriched the surface area of the zeolite support.
The same group (Razavian et al. 2015) had previously described a similar characteristic of the
isomorphous replacement of tin in H-ZSM-5 and employed it as a host for Pt-Na metal catalyst
dispersal. The H-ZSM-5-based Pt catalyst improved by Sn showed higher propane efficiency
and durability compared to the traditional impregnated Pt-Na/H-ZSM-5 and Pt-Sn-Na/H-ZSM-5.
Additionally, it displayed a minimum deactivation rate (6.2 %), revealed selectivity > 98 % (pro-
pylene), and had a comparable propane conversion of roughly 39.0 % after 9 hours. Selectivity
of 98.6 % and productivity of 30 % were reported after 175 hours on the stream (Zhang, Zhou
et al. 2011).

TABLE 16.2
Metal-Supported Zeolites for the Dehydrogenation of Propane.
Catalyst Si/Al Conversion  Selectivity  Yield (C;H) Ref.
(C;Hp) (%) (C3Hy) (%) (%)
Pt-Sn/H-ZSM-5 0.24 27 34 11 (Zhang et al. 2010)
Pt-Sn-K(0.2 %)/H-ZSM-5 1.6 22 58 13 (Zhang et al. 2010)
Pt-Sn-K(0.5 %)/H-ZSM-5 5.5 25 89 23 (Zhang et al. 2010)
Pt-Sn-K(0.8 %)/H-ZSM-5 202 31 92 30 (Zhang et al. 2010)
Pt-Sn-K(1 %)/H-ZSM-5 - 21 94 21 (Zhang et al. 2010)
Pt-Sn-K(1.2 %)/H-ZSM-5 60 22 92 24 (Zhang et al. 2010)
5 wt. % Cr/SBA-1 - 33 86 28 (Sattler, Ruiz-Martinez et al. 2014)
H-ZSM-5 20.2 28 71 20 (Razavian et al. 2015)
H-ZSM-5 140 29 21 6 (Kim et al. 2016)
Pt/H-ZSM-5 140 27 35 10 (Kim et al. 2016)
Pt-Sn/H-ZSM-5 140 27 40 9 (Kim et al. 2016)
Pt-Na/H-ZSM-5 400 35 92 32 (Zhang et al. 2015)
Pt-Na-Zn(0.5 %)/H-ZSM-5 400 36 95 34 (Zhang et al. 2015)
Pt-Na-Zn(1 %)/H-ZSM-5 400 36 98 36 (Zhang et al. 2015)
Pt-Na-Zn(1.5 %)/H-ZSM-5 400 38 99 37 (Zhang et al. 2015)
Pt-Sn-Na/H-ZSM-5 (5002) 120 37 98 36 (Zhang et al. 2007)
Pt-Sn-Na/H-ZSM-5 (400") 120 32 99 32 (Zhang et al. 2006)
Pt-Sn-Na-La/H-ZSM-5 333-400 31 98 30 (Zhang, Zhou, Tang et al. 2012)

a = calcination temperature, b = hydrothermal treatment temperature.
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Kim et al. (Kim et al. 2016) recently developed micro meter-thin SAPO-34 zeolite skins on alu-
mina cylindrical supports and applied them in a 600 °C PDH reaction. At W.H.S.V. of 0.1-0.5 h/,
propane selectivities of more than 80 % and conversions of 65-75 % were reported. The remarkable
performance was caused by the membrane’s effective elimination of generated hydrogen during the
ODP reaction.

By enclosing subnanometer Pt-Zn groups in completely siliceous zeolites, Qiming Sun et al. (Sun
et al. 2020) unveiled a novel method for producing catalysts with elevated performance for PDH reac-
tions. For the easy encapsulation of atomically distributed and subnanometer bimetallic Pt-Zn atoms
inside silicalite-1 zeolites, they created a ligand-protected direct hydrogen reduction technique and
showed how it dramatically reduced the size of the metal atoms that were trapped inside the zeolites.
Due to the creation of ultrasmall Pt-Zn alloy groups, the addition of Zn species enhances the catalytic
efficiency and durability of Pt clusters. The specific activity of the Pt-Zn4@S-1-H in the production
of propylene was extraordinarily high. The most stable Pt-based heterogeneous catalyst for the PDH
reaction to date was reported, and it is significant that no deactivation was seen. Additionally, they
discovered that adding Cs* ions considerably enhanced regeneration efficiency.

Zhikang Xu et al. (2019) constructed a new method for creating very stable Pt/Sn-zeolite catalysts.
Their approach consisted of three fundamental steps. To produce the lattice defects, the zeolite must
first undergo the following stages: (i) exclusion of Al atoms from the crystal structure; (ii) insertion
of Sn into the defects to yield Sn-containing zeolite; and (iii) easy deposition of Pt on Sn-zeolite
superficial to produce Pt/Sn-zeolite. Pt/Sn-Y and Pt/Sn-Beta catalysts were effectively produced
using this method. They achieved the greatest propylene specificity of = 99 %, 50 % propane con-
version, a great TOF of 114 57! (0.006 h™') a lower rate of deactivation, and excellent regenerability in
the Pt-Sn, /Sn-Beta catalyst for PDH at 570 °C. Nawaz Z et al. (Nawaz, Shu et al. 2009) examined
the process challenges and comprehended the kinetics of the reaction in mixed alkane feed dehy-
drogenation. They observed decreased conversion at a higher time-on-stream and higher propylene
selectivity. They demonstrated that zeolite-supported bi-metallic material (Pt-Sn/ZSM-5) promotes
dehydrogenation more effectively than zeolite- and mono-metallic catalysts alone. Bi-metallic zeo-
lite-based catalytic alteration was discovered to be significantly more enhanced than mono-metallic
ZSM-5 and ZSM-5. There was unacceptably low dehydrogenation capacity of ZSM-5 with a SAR
of 140, whereas a monometallic catalyst (Pt/ZSM-5) showed a modest dehydrogenation capacity
but activity better than ZSM-5. By using bimetallic catalysts, an initial conversion of 57 % and final
conversion of 30 % were achieved.

CSH / nghActMty \\ C;Hg+H, C3H8 Lov;t:tvi\\,litv C3H6 +H,

FIGURE 16.9 High activity and selectivity by an enclosed Pt-cluster in the zeolite cavity (reprinted with
permission from Zhang ziyang) (Zhang et al. 2021).
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Through a two-step post-synthesis process, Xie et al. (Xie, Chai et al. 2021) created zeolite-
stabilised Pt-Zn catalysts and researched their potential for direct propane to propylene dehydro-
genation. They outlined how the extremely distributed Pt-Zn species are in close proximity on the
zeolite support, encouraging electronic interaction. The reaction parameters and catalyst composi-
tions were both perfectly tuned. With 0.1Pt-2Zn/Si-Beta at 550 °C, 98 % propylene selectivity and
a viable deactivation rate of 0.02 h~! were established. They concluded that the 0.1Pt-2Zn/Si-Beta
PDH catalyst is a viable PDH catalyst for future applications due to its outstanding functioning, low
cost, and ease of scalability. Compared to 6-Al,0; and amorphous silica, Lee, Su-Un, et al.’s (Lee
et al. 2020) work reveals the effects of using zeolite Beta as a host on the physicochemical proper-
ties and catalytic effectiveness of supported Pt-Sn materials for the PDH process. According to
their research, the Pt-Sn catalysts supported by Beta zeolite converted propane more efficiently, and
due to the presence of Bronsted acid sites, light gases (C,_,) and Cs, were also produced. Before the
catalyst deactivated, the propylene selectivity rose as these fractured products covered the acid sites
after a certain reaction time and suppressed the side reaction. Based on their comparison of Pt-Sn
catalysts supported by Beta zeolites with SiO,/Al,0; ratios of 38 and 300, they found that, although
it had less Pt dispersion, the Pt-Sn/Beta (300) had the finest PDH catalytic efficacy. With Bronsted
acid locates participating in the cyclization and oligomerization stages of alkane aromatization, the
enhanced surface area permits Pt scattering as functional catalytic sites, and acidity is essential to
cut coke production.

To create a composite material that can be used as a host for Pt-Sn-based catalysts, Li, Hongda,
et al. (2019) wrapped titanium-based zeolite TS-1 in SBA-16 silica. According to their report,
the composite 10 % TS-1 content produced the best results in the PDH reaction compared to the
effects of other TS-1 percentages (020 %). The electrical impact of the Ti species, which stabi-
lises the SnO, species, and the reciprocal mass transfer over the hierarchical porous construction
of the optimal acidity were assumed to be the causes of the catalytic operation of Pt-SnO,/TS-1@
SBA-16.

Ivanushkin, G. G. et al. (2019) suggested that the dealumination of zeolites enables the reduction of
the support’s acidity and assimilation of Sn atoms into the zeolite framework (BEA, SiO,/Al,O, = 25).
The associated Pt-Sn/zeolite material exhibit a Pt-Sn interaction, which results in great specificity
and an improvement in the active phase’s forbearance to agglomeration. Their research shows that
the most effective sample produces a conversion of 26—28 % (propane) at a selectivity of up to 98.8 %
(propylene) at 550 °C and contains 0.5 % Pt and 0.5-1.0 % Sn.

The coke-resistant catalyst materials developed by Lezcano-Gonzélez, Inés, et al. (2022) are an
imperfect silicalite-1 with Sn as a promotor having tiny platinum particles dispersed on it. Lezcano-
Gonzélez, Inés, et al. successfully catalysed the dehydrogenation of propane with this material,
revealing outstanding coke resistance and increased propane specificity and yield. The material is
characterised by using XAFS, which points to the existence of isomorphously substituted Sn (IV)
species and minute particles contained within the MFI micropores. They think that the geometric
restraints in the micropores of MFI zeolite, along with the Sn (IV) structure and silanolim perfec-
tion groups, all contribute to the maintenance of a good Pt dispersion. In contrast to typical Pt/
Sn-Al,O,, the catalyst material demonstrates a remarkable resistance to coke, which significantly
reduces the amount of coke generated.

In their investigation, Qiu Bin et al. (2020) found that MW W-type zeolite containing Boron
atoms was an effective catalyst for ODP. This zeolite showed a selectivity of 83.6 % (propyl-
ene) and total mild olefins selectivity of 91.2 % (propylene and ethylene) at a conversion of 3.9 %
(propane). Additionally, the catalyst at 530 °C demonstrated a total mild olefin specificity of
91.6 % and selectivity of 80.4 % (propylene) at a conversion of 15.6 % (propane). According
to a structural analysis, the activity for propane ODH was associated with the total of faulty
trigonal B atoms (boron). A foundation for further research into the connection between the
boron atom environment and ODH behaviour was provided by this clearly defined catalyst
system.
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16.5 CONCLUSION

Accordingly, it has been demonstrated that the kinds of promoter and support/template, which influ-
ence the catalyst’s redox and surface acidic properties, have a considerable impact on the functioning
of key parts in a vanadium-based catalyst. Acidic sites encourage the cracking of olefin compounds or
propyl molecules and the production of coke because these centres are susceptible to the ODH reac-
tion since they have many electrons. Additionally, the catalytic efficacy and specificity of nano-sized
particles tend to be higher than those of large catalysts, suggesting that propane moiety has a better
possibility of interacting with the active locates that extract hydrogen. Therefore, to improve the activ-
ity of V catalysts, the design strategy should concurrently take into account each of these aspects. The
potential for the marketing utilization of CO, as a trivial oxidant beyond this class of materials in the
ODH industry is present given the great future possibilities for vanadium-based catalysts.

Commercial Pt and CrO,-based catalysts offer satisfactory dehydrogenation capabilities, but
their widespread use has been constrained by the cost of Pt and the ecological issues connected
with CrO,. Therefore, there is still a need for the creation of innovative dehydrogenation catalysts.
In recent years, single atom catalysts, carbon-based catalysts, metal sulphide-based catalysts, and
metal oxide-based catalysts (VO,, MoO,, GaO,, In-Ga-0, and Zn-Nb-O) have all received the most
attention. The results of dehydrogenation processes by these catalyst are listed in Table 16.1.

The catalytic efficacy of chromium-based catalysts depends upon the catalyst’s structure, pro-
moter-support interaction, synthesis technique, reaction conditions, and active locates. For the ODP
with CO,, various publications have reported a variety of chromium catalytic systems. Despite the
positive results from chromium-based catalysts, substitute catalysts should be created and estab-
lished to permit more viable process equipment due to significant ecological and physiological
problems related to chromium use.

However, this course of porous substances can be utilized as supports (metal oxide) in the
advancement of bi-functional catalysts (zeolite composite and metals) for ODPC processes. It is
accepted that the admittance to dynamic sites of zeolite differs significantly due to several crys-
tal assemblies. The bi-functional catalyst’s acidity and oxidising capacity should be maximised to
prevent side reactions. The need to tailor redox and acid-based characteristics to specific uses and
mechanical characteristics has fuelled an interest in replacing aluminium in MFI or CHA zeolite
frameworks with other essentials; however, this type of composite material has not been thoroughly
investigated for dehydrogenation reactions. Moreover, it is still unclear how the kinematics of non-
framework entities, which alters the reaction mechanism and, therefore, the way that they contrib-
ute to catalytic reactions, behave under reaction circumstances that involve electrical conductivity
variations, redox processes, and the adsorption of reactants/products. The zeolitic constituents seem
to offer a tremendous possibility for creating new bi-functional materials that solve the issues with
present constituents and exhibit high efficiency and durability in the ODPC process due to the
capacity to smooth the surface, structural, and topological properties. In fact, this should be one of
the main concerns for further study in the area of bi-functional materials and zeolitic composites.
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17 Porous Inorganic
Nanomaterials as
Heterogeneous Catalysts
for the Dehydrogenation
of Paraffin

Sauvik Chatterjee and Nandini Mukherjee

17.1 INTRODUCTION

Since 1930, the demand for pure olefins has increased due to their reactivity and ability to be used
as building blocks for the production of various commodity and speciality chemicals and poly-
mers.! Light olefins, particularly ethylene, propylene and butene, are amongst the most important
compounds in the chemical industry. These compounds are the feedstock for the production of poly-
mers, namely, polyethelene, polypropylene and oxygenates, such as acetaldehyde, acetone, ethylene
glycol, propylene oxide and glycerine, and a vast array of industrially important chemical interme-
diates, specifically, ethylbenzene, propanal, etc.>-* With the singular exception of the Eurozone, the
market has witnessed a steady increase in the demand for and production of these compounds in
recent decades.” The most popular ways of obtaining light olefins are as by-products in the steam
cracking and fluid catalytic cracking of paraffin.® Paraffins are saturated hydrocarbons with the
general chemical formula C, H,,,,. The dehydrogenation process involves paraffin analogs with n=2
or more where one or more H, is eliminated to form unsaturated hydrocarbons or olefins. These pro-
cesses are not widely known due to their thermodynamic restraints. Dehydrogenation by cracking
requires the cleavage of two C-H bonds and the formation of one hydrogen molecule and a C-C dou-
ble bond, which is quite an energy-demanding process due to these reactions’ endothermic nature.
To address this high energy demand, several catalytic processes have been investigated where the
catalysts are designed to tune the energy requirement and the kinetics. Oleflex and Catofin are two
catalysts that were commercialized by industries around 1985-90, which has addressed these issues
to a certain extent. The low cost and very high Lewis acidic property of Catofin, a CrO, catalyst-
based process, have made it very successful. However, the environmental concerns due to the acute
toxicity and quick deactivation because of the high activity of the catalyst leading to various side-
reactions are difficult challenges to the sustainability of the process.” In more recent times, shell gas
cracking, methanol to olefin-olefin cracking processes (MTO-OCP), etc. have been popularized.
Propane to olefin (PTO) conversion has been one of the most important techniques in this venture.
The combination of dehydrogenation and a metathesis catalyst in PTO involves opportunities and
challenges with respect to chemistry, physicochemical properties and operations design. Exposure
of the catalyst to different gases and temperatures during the time of catalyst activation, operation
and regeneration and the interaction of different components of the catalyst are two key points to
understand and remember at the time of catalyst development. There have been reports of other
metal oxides, such as VO,, GaO,, FeO,, etc., carbon nanotube and single atom catalysts, and the
progress observed has been incremental. The thermal dehydrogenation of ethane and propane has
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been investigated using a bimetallic alloy catalyst with Pt nanoparticles.® An Sn-Ga alloy with Pt
is the most prominent among the catalysts used for paraffin dehydrogenation. Although Ga is more
appropriate for propane dehydrogenation, Sn/Pt has been quite efficient for the conversion of ethane
to ethylene.

In recent times, focus has been directed to the development of smart catalysts that can show
efficiency in terms of the adsorption of paraffin on the surface, C-H bond activation, desorption of
olefin and hydrogen generation.® Along with the active sites, the physicochemical properties of the
catalyst support have emerged as a crucial factor for the success of the catalyst. Porous nanomateri-
als such as K-L zeolite, alumina and hydrotalcite are some of the popular catalyst supports due to
their selectivity towards alkane adsorption, which, in turn, increases the life cycle of the catalyst.’
Deposition of coke on the catalyst is one of the major challenges because of the poisoning effect.
There have been reports of catalysts that have shown enhanced selectivity after the deposition of a
trace amount of coke. The acidity of the supports has been reported to influence the activity of the
catalyst. Mesoporous y-Al,0; and MCM-41 are the two most popular supports for V-based cata-
lysts. This is due to their acidic nature, customized porosity and high surface area, and they have
shown improved life cycles and selectivity.

In this chapter, we deeply examine the process of dehydrogenation, the key factors controlling
the efficiency and the progress that has been made in this field by using sophisticated catalysts for
better yield in terms of the turnover number (TON) and selectivity. The process of dehydrogenation
involves research on many aspects other than catalysts such as reactor design, operations, engineer-
ing, etc., which are beyond the scope of this discussion.

17.2  PRINCIPLE OF DEHYDROGENATION

The principle of the dehydrogenation reaction has been well-discussed in various literature.!%!! In
this section, we touch upon the key factors that influence the outcome of the reaction.

The direct non-oxidative dehydrogenation of ethane (EDH), propane (PDH) and isobutane to
their corresponding olefin has activation energy of ca. 121-143 kJ/mol. Empirically, they can be
presented as

C,H, — C,H, + H,
C,H, — C;H, + H,
i-C,H,, > C,H, + H,

These reactions, due to their exothermic nature and overall increase in volume, are favoured under
high temperature and low pressure. This requirement of high energy, however, leads to the genera-
tion of undesired by-products that creates a drop in selectivity along with coking, which reduces
the catalyst life cycle through poisoning. Under the same pressure and temperature conditions, an
increase in the number of carbon atoms and the branching of paraffin lead to a rise in the dehydro-
genation equilibrium level.'>!3 The dehydrogenation process is primarily governed by the C-H acti-
vation of paraffin, whereas the majority of catalysts (transition metal-based) are responsive to both
C-H and C-C bond activation to a certain extent due to their abundance of d-orbitals. The activity
towards the C-C bond, in turn, causes a further reaction with olefins and formations of undesired
products including coke. This happens since the C-C bonds of olefins are more reactive than the
C-H bonds in the paraffin. Therefore, to develop an efficient catalyst, one of the major requirements
has been the higher selectivity towards the C-H bond activation of paraffin. Cracking also leads
to the cleavage of paraffin into smaller hydrocarbons under similar conditions. Complicating the
situation is the Lewis and Bronsted acidic properties of the catalyst that proceed via the formation
of carbocation and end up rearranging the hydrocarbons. This produces isomerization and further
dehydrogenation of the final products. For example, butane and isobutane will isomerize and dehy-
drogenate to 1-butene or 2-butene and undergo further dehydrogenation to produce 1,3-butadiene.'
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17.3 HETEROGENEOUS CATALYSTS FOR PARAFFIN DEHYDROGENATION

In principle, most catalysts for dehydrogenation consist of two major parts, namely, active materi-
als and support materials. Due to their reactive nature and site sensitivity, both parts are important
and are discussed in this section. Amongst the active catalysts, there are single-atom catalysts, both
mono-metallic and bimetallic. Metal oxide catalysts are also extensively studied and commercial-
ized in many cases. In recent times, there are explorations of various metal organic frameworks used
for dehydrogenation, both oxidative and non-oxidative. Different types of hetereogeneous catalytic
nanomaterials are discussed in the context of paraffin dehydrogenation in the following section.

17.3.1  MEeTaL OXIDE CATALYST

Metal oxides are the most well-studied catalysts for paraffin dehydrogenation (PDH) due to their
stability, good life cycle and ease of regeneration. Various nanoporous support-based metal oxide
catalysts have been reported (Table 17.1). As mentioned earlier, the Catofin process uses a mixed
oxide of chromium on alumina. There have been reports of oxides of Sn and V. VO, has been
discussed as an alternative competent of a widely acclaimed Pt-based single-atom (SA) catalyst.
VO, on mesoporous SiO, such as MCM-41 was studied compared with y-Al,O;, ZrO,, etc. MCM-
41-supported VO, catalyst was found to have stable catalytic properties for PDH in the absence of
a gas phase O, and can be fully recovered with oxidative regeneration, which is attributed to the
high thermal stability of VO,.1>!6 Furthermore, Bai et al. reported a mesoporous y-Al,O;-supported
V-based catalyst to achieve high catalytic activity and stability.” Hu and co-workers examined a
one-step process for the preparation of V-doped porous silica monolith VO,-SiO, in an environ-
mentally friendly way for non-oxidative propane dehydrogenation, which shows a constant propene
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FIGURE 17.1 Schematic mechanism of the oxidative dehydrogenation of ethane on solid supported V,05(S =
Support).

Source: (Adapted from ref. 19)
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selectivity of around 91% over 8 reaction-regeneration cycles.!® Similarly, V,0s-based catalyst sup-
ported on Al,O, has been investigated for the oxidative dehydrogenation of ethane. These types of
catalysts are believed to operate through a redox mechanism where paired metal centres undergo
single electron reduction from V(V) to V(IV). Two neighbouring metal atoms participate in the
dehydrogenation process, whereas only one of the two participates in C-H cleavage (Figure. 17.1).1°

Recently, gallium oxide-based materials have been reported as highly promising catalysts for
their ability to activate hydrocarbon species. Nakagawa et al. indicated that -Ga,0; has shown
the highest activity among all the polymorphs of this oxide due to its abundant surface acid sites.?°
Various materials such as ZSM-5, HZSM-48, Al,O,, MgO, and TiO, have been used for the disper-
sion of Ga,0;. Shen et al. showed that Ga,0,/HZSM-5 has better selectivity and that the stability
is enhanced when the Si/Al ratio is increased.?! However, with an increased Si/Al ratio the initial
activity of the catalyst drops. At an Si/Al ratio > 90, the catalytic stability is best amongst this class
of catalysts. Xu et al. identifies Ga,0,/TiO, and Ga,0,/ZrO, to have better activity due to the pres-
ence of a greater number of acid sites with medium to high strength.?? 5Ga,0,/SBA-15 has shown a
propene selectivity of 92% after 30 h PDH at 620 °C.?

ZnO nanoparticles have also been reported in different forms and with various support materi-
als as robust catalysts for PDH. Highly dispersed nanosized ZnO assemblies in dealuminated beta
zeolite show almost 93% propylene selectivity with 53.3% conversion at 600 °C.2* An increase in
the Si/Al ratio has proved beneficial for higher propene selectivity and stability due to the selective
acid sites.?> ZnO nanospheres of 2—4 nm encapsulated in an N-doped cluster grown in sifu from the
carbonization of ZIF-8 on silicalite-1 (ZnO@NC/S-1) indicates more than 90% propylene selectiv-
ity and 44% conversion.?® It has been observed that ZnO remains protected from volatilization and
sintering at higher temperatures because of the presence of an NC layer. A mixed oxide of Zn and
Nb was shown to have very high catalytic ability for PDH.?” ZnO, supported on rutile TiO, indicates
a small Zn, ;O, cluster with a 1-3 Zn atom as an active site.”® A modification with ZrO, additive
protects the catalyst from the formation of the detrimental ZnTiO, phase. It has also been reported
that the presence of even 0.1% Pt in ZnO/Al,0, improves the C-H activation ability and causes bet-
ter hydrogen desorption due to the increase in the Lewis acidity of Zn*?.2°

Mesoporous cobalt-aluminate spinel prepared by the evaporation-induced self-assembly (EISA)
method has been described for a conversion of 8% with more than 80% propane selectivity at a
comparatively lower temperature of 550 °C. The co-centres, which occupy the tetrahedral sites, are
identified as the active sites that show an estimated turnover frequency of 5.1 per hour.’® Co-oxide
grafted in HZSM-5 catalyst for EDH under optimal conditions presents a conversion efficiency of
54% with ethylene selectivity of 87.8%.%

Sarazen and Jones disclosed a Fe-containing MOF, Fe-BDC, to be used as a scaffold to develop
PDH catalysis. Carbon-supported FeC catalysts have been developed by the calcination of Fe-BDC,
which exhibits superior stability for propane formation for more than 48 hours of reaction time.*
Co(II)-containing N-doped carbon material has been developed from a well-known metal organic
framework, ZIF-67. This Co/NC-700 has shown 84% propene selectivity with over 16% conversion.

TABLE 17.1

Metal Oxide-Based Catalysts for the Dehydrogenation of Paraffin to Olefin

SI No Name of Catalyst Process Conversion (%)  Specificity (%) TOF(/h) Ref
1 Pt/SiO, Isobutane to isobutene 19 19.5 0.08 8
2 1:1 Pt/Sn/SiO, Isobutane to isobutene 3.4 78.9 0.052 8
3 1:3 Pt/Sn/Si0O, Isobutane to isobutene 42 97.9 0.043 8
4 Pt/L Isobutane to isobutene 225 14.1 0.64 8
5 Pt-Sn/Al, 04 Propane to propene 19.8 ~100 15

(Continued)
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TABLE 17.1 (Continued)

Metal Oxide-Based Catalysts for the Dehydrogenation of Paraffin to Olefin

SI No
6

7

8

9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

38

Name of Catalyst
VO,/MCM-41

CrO,/MCM-41
VO,/meso-Al,0;-373K
VO,-MCM-41
60-VO,-Si0,-580
Ga, 0,

Ga,0,

Cr,04

V,0;

B-Ga,0,
Ga,05/HZSM-5(15)
Ga,05/HZSM-5(25)
Ga,0,/TiO,
Ga,0,/Al,0;4
Ga,0,/Zr0,
Ga,0,/Si0,
Ga,0,/SBA-15
Ga,05/ZSM-5
ZnHB-10

Znp-20

Znp-10

ZnB-7
10%Zn/30HZSM-5
10%Zn/50HZSM-5
10%Zn/80HZSM-5
10%Zn/250HZSM-5
ZnO/S-1
ZnO@NC/S-1(0.0)
ZnO@NC/S-1(1.0)
27ZnTi

27n1.47ZxTi

27n5.6Z:Ti

15Zn0.1Pt

Process

Propane to propene
Propane to propene
Propane to propene
Propane to propene
Propane to propene
Ethane to ethylene (in
the presence of CO,)
Ethane to ethylene (in
the presence of Ar)
Ethane to ethylene (in
the presence of CO,)
Ethane to ethylene (in
the presence of Ar)
Ethane to ethylene
Ethane to ethylene
Ethane to ethylene
Propane to propylene (in
the presence of CO,)
Propane to propylene (in
the presence of CO,)
Propane to propylene (in
the presence of CO,)
Propane to propylene (in
the presence of CO,)
Propane to propylene (in
the presence of Ar)
Propane to propylene (in
the presence of Ar)
Propane to propylene
Propane to propylene
Propane to propylene
Propane to propylene
Propane to propylene
Propane to propylene
Propane to propylene
Propane to propylene
Propane to propylene (in
the presence of N,)
Propane to propylene (in
the presence of N,)
Propane to propylene (in
the presence of N,)
Propane to propylene (in
the presence of N,)
Propane to propylene (in
the presence of N,)
Propane to propylene (in
the presence of N,)
Propane to propylene (in
the presence of N,)

Conversion (%)

21.5
24.8
12

57
19.6

9.6

12.1

12.5

57.3

34.6

325

32

26

30

6.4

28.5

78.1

6.5

36.1

533

46.3

14.51

30.52

50.53

42.51

13.7

522

56.4

18

21

23

35

Specificity (%)

>90
>75
15
79
91
95
94
93.8
91.7
96.1
97.7
96.7
73
94
65
92
92.5
60.2
7.6
94.4
92.9
95.0
84.0
72.5
65.6
92.5
57
87
85
94
92
95

97

TOF(/h)

0.00515 (/s)

0.029

0.018

Ref

20
20
20
21
21
21
22
22
22
22
23
23
24
24
24
24
25
25
25
25
26
26
26
28
28

28

29
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17.3.2 NANOPOROUS MATERIALS-BASED SINGLE AToM (SA)
AND SINGLE ATOM ALLOY (SAA) CATALYSTS

The other variants of catalyst that have been used for the conversion of paraffin to olefin are single
atom catalysts (Table 17.2). These single atom catalysts or single atom alloy catalysts are generally
supported upon porous nanomaterials with a high surface area and tunable porosity to achieve bet-
ter reactivity and specificity.

The most common single atom catalyst for PDH was identified to be Pt almost half a century ago.
Yang et al. presented a detailed mechanism of PDH on different Pt surfaces (e.g., Pt (111), Pt (100),
Pt (211), etc.) with 17 dehydrogenation steps (Figure 17.2).

However, to use Pt as an efficient catalyst—by reducing the separation and regeneration costs
of the catalyst—the authors were required to bind to or graft onto solid supports. These solid
supports have a considerable role to play. The support not only modifies the effective area of the
catalyst but also determines the life cycle of the catalyst by modulating the adsorption selectivity
between the paraffin and olefin by virtue of the surface acidity/basicity and the pore size. Pt SA
supported on various zeolite/silica supports is a well-reported and -studied catalyst for EDH and
PDH reactions.

The dependencies of the particle size and atomic dispersion of Pt on the support was studied
extensively by Zhang et al. who showed that the turnover frequency increases with a decrease
in the particle size of the Pt nanoparticals, and atomically dispersed Pt indicates a 7-fold higher
turnover frequency compared to Pt nanoparticles.’* Pt on a commercially available porous ceria
support, with strong metal support interaction (SMSI), displays a higher ethane to olefin conver-
sion rate than Pt/SiO, that does not show SMSI. The reduction temperature also influences the
propane selectivity. For the same Pt-ceria catalyst with SMSI, the reduction at 950 °C shows
lower selectivity compared to 550 °C.*> Recently, the Furukawa group developed a Pd-modified
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FIGURE 17.2 (a) Reaction network of propane dehydrogenation on Pt(111); (b and c) energy profile for pro-
pane dehydrogenation on Pt(111) (b) and Pt(211) (c) including both the dehydrogenation steps (solid lines) and
the C—C cracking steps (dotted lines).?? (Permission requested for reproduction.)
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FIGURE 17.3 Schematic of the catalyst design for single atom Pt in PtGa: a) Four different surface termina-
tions of PtGa:A(111) viewed along [101] direction (ball model). b) Diagonal view of Pt3 and Ptl termination
(space-filling model). Ptl is highlighted in black. c) Catalyst design by Pb deposition to block the Pt3 (and
Ga3) sites and to keep the Ptl sites available.

Source: Reproduced from Nat. Commun. 2020, 11, 2838

Pt SA catalyst included in the thermally stable intermetallic of PtGa supported over porous SiO,.
This catalyst shows an impressive 30% conversion of propane with 99.6% selectivity towards
propene without any change in catalytic performance after 96 h. Their DFT study demonstrated
that the Pt well activates the first and second C-H while inhibiting the activation of the third
C-H, which leads to less side reactions and deactivation resulting in higher selectivity.’¢ The
mechanistic insight provided by them is worth discussion (Figure 17.3). Since the semblance of
the Pt atom—and formation of subsequent nanoparticles (NPs)—causes over-dehydrogenation
and the scission of the C-H(C) moiety, it is a good strategy to single out the Pt atoms to restrict
dehydrogenation at the propene stage. However, the Pt SA catalyst over a solid support such as
porous silica or ceria is relatively unstable under the high temperature of PDH as the Pt atoms
tend to agglomerate. A general strategy to inhibit this is to introduce inactive metals in the form
of an alloy such as Sn. Thermally stable intermetallic alloys provide a good opportunity for the
development of a single atom catalyst where the Ptl in the cubic matrix of PtGa, can be active as
an SA catalyst where the three Ga holds the Pt apart. Notably, the PtGa also consists of a Pt;Ga
matrix that has three Pt atoms that can lead to the over-dehydrogenation of paraffin. Since these
Pt, parts are more prone towards Pd adsorption, the Pt; parts are blocked by Pd deposition and
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the formation of Pt single atom sites. Other intermetallic alloys such as PtZn,, Pt,V, Pt,Co, Pt,Cr,
Pt,Bi, and Pt;Mn are reported to have good catalytic activity for the conversion of light alkane
with high olefin selectivity.?

The effect of the support of the Pt SA or SAA has also been demonstrated by various groups.
Jang et al. showed direct evidence of the suppression of metal sintering and coke formation with the
reduction in the Lewis acid site on the support.’” The Lewis acid sites of beta zeolites can improve
the conversion by increasing the metal dispersion, while Brgnsted acid sites can catalyze the crack-
ing reactions, oligomerization and aromatization. When compared, the Pt-Sn/Beta catalysts (SiO,/
Al,0, =300) indicated better catalytic activity for PDH irrespective of the fact that the dispersion of
Pt was lower than the Pt-Sn/Beta catalyst (SiO,/Al,0; = 38).38 The use of ZSM-5 as support for the
Pt SA or Pt-Sn alloy has been investigated due to the well-defined ten-membered ring structure of
the support, which prevents coking by inhibiting the formation of larger hydrocarbons, thus increas-
ing the life cycle of the catalyst. The Tsikiyiannis group reported 0.7% Pt-Sn-ZSM-5 as a PDH
catalyst in the DH —SHC—DH microreactor process with 25% yield at 550 °C.* ‘The Blekkan
group proved that the Sn in Pt-Sn has an interaction with the y-Al,O, support, which stabilizes the
oxidation state of Sn, unlike with SiO, where Sn was more readily reduced and alloy formation
was possible.*? Pt-Zn supported on zeolite L has shown superior activity for the dehydrogenation
of butane and isobutane with 42% selectivity towards olefin formation.*! Zn-containing ZSM-5
catalysts have been shown to be very attractive for the dehydrogenation of lower alkanes. However,
the Zn incorporation method into the support plays a role in the catalytic activity. The volatiliza-
tion of metallic Zn, sintering of the Pt-Zn phase and coking leads to rapid deactivation for both the
Zn over-exchanged zeolites and the Zn impregnated Pt-Zn catalyst. Zn incorporation performed
by an aqueous Zn(II) solution ion-exchange can limit the Zn loss and pore blocking at the time of
catalyst activation. Moreover, several other Zn sites such as (Zn-O-Zn)*, (Zn-(0-Zn),)**, ZnO and
Bronsted acid site can be formed during the ion exchange method. These isolated Zn(II) moieties in
ZSM-5 and ZSM-11 cause aromatization in the ten-membered ring of the support and coke forma-
tion for the zeolite L. and Y (12-membered ring). The Pt-Zn-loaded zeolite Na-Beta (nSi/nAl = 26,
mPt = 0.5 wt.%, mZn = 1.6-2.6 wt.%) indicates propene selectivity exceeding 90% for at least 63
hrs. time-on-stream.*?

Very recently, a Ga(IlII) catalyst was reported on zeolite BEA support, which shows 19% con-
version with 82% propene selectivity.** The study demonstrates that the kinetics of the reaction
were determined by the first and second C-H cleavages at low propane partial pressure, whereas
at a higher propane pressure, the kinetics are governed by the H, desorption rate from the catalyst.
The active Ga(IIl) sites were identified to be dehydrated and tetrahedrally coordinated with zeolite
BEA. The low selectivity towards the formation of aromatic side products is attributed to the low
Bronsted acidity and Lewis acidity of the catalyst support. Lobo et al. showed Ga(I) to be an active
centre in a chabazite (Ga-CHA) framework to achieve 96% propylene selectivity.** They demon-
strated by in-situ FTIR spectroscopy that Ga(I) originated from the precursor Ga,O; by a reduc-
tion followed by diffusion into the CHA framework. The position of the metal in the framework’s
structure has a vital role to play in the reaction mechanism and kinetics of the dehydrogenation
process. For example, a study by Yun and Lobo explained the differences in the pattern of selectiv-
ity, entropy of formation of the transition states, the estimated enthalpy and the activation energy in
the case of H-[Fe]-ZSM-5 and H-[Al]-ZSM-5, which are iso-structural by nature.*> This indicates,
despite the similarity in the framework and structure, that the mechanisms of the reaction for dif-
ferent catalysts are different.

17.3.3  METAL ORGANIC FRAMEWORKS (MOFs)-BAaseD CATALYST

Metal organic frameworks (MOFs) are the modern miracle of materials science. These are crys-
talline porous materials made of organic entities connected through metal centres. MOFs have
tunable porosity, a periodic structure and a very high surface area with an ample scope of surface
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TABLE 17.2
SA- and SAA-Based Catalysts for the Dehydrogenation of Paraffin to Olefin
SI No Name of Catalyst Process Initial Conversion (%) Initial Specificity (%) TOF(/s) Ref
1 0.05% Pt/A1,04 Propane to propylene 5.5 95 31
2 0.1% Pt/Al,O4 Propane to propylene 12 91 31
3 0.3% Pt/AL, 0O, Propane to propylene 15 85 31
4 1% Pt/AL, O, Propane to propylene 22 70 31
5 3% Pt/Al,0O4 Propane to propylene 26 52 31
6 5% Pt/AL,O4 Propane to propylene 32 61 31
7 2 Py/SiO, Propane to propylene 20 75 0.17 35
8 Pt/CeO,-red550 °C Propane to propylene 21 78 0.33 35
9 Pt/CeO,-red975 °C Propane to propylene 15 95 0.013 35
10 Pt3Sn/SiO, Propane to propylene 25 98.6 36
11 PtGa/SiO, Propane to propylene 39 99.1 36
12 PtGa-Pb/SiO, Propane to propylene 27 99.6 36
13 Pt-Sn/Beta(300) Propane to propylene 63.8 65.5 35
14 Pt-Sn/Beta(38) Propane to propylene 65.7 55.8 35
15 Pt-Sn/6-Al,0, Propane to propylene 60.1 71.7 35
16 Pt-Sn/Q6 Propane to propylene 23.6 48.8 35
17 Pt/y-A1203 Propane to propylene 0.8 37
18 PtSn/y-A1203 Propane to propylene 1.2 37
19 Pt/Si02 Propane to propylene 0.9 37
20 PtSn/Si02 Propane to propylene 0.1 37
21 0.5Pt/Na-ZSM-5 Propane to propylene 44.8 55.4 39
22 0.5Pt/2.6Zn, Na-ZSM-5 Propane to propylene 17.7 68.7 39
(ng/ny=55)
23 0.5Pt/0.6Zn, Na-ZSM-  Propane to propylene 47.8 18.1 39
5(ng;/n,=55)
24 0.5Pt/1.3Zn, Na-ZSM-  Propane to propylene 19.2 30.0 39
5(ng/n,=55)
25 0.5Pt/4.4Zn, Na-ZSM-  Propane to propylene 334 38.8 39
5(ng/n,=55)
26 0.5Pt/2.5Zn, Na-ZSM-  Propane to propylene 239 67.5 39
S(ng/n,=21)
27 0.5Pt/1.9Zn, Na-ZSM-  Propane to propylene 76.0 4.6 39
5(ng/ny=21)
28 0.5Pt/2.5Zn, Na-ZSM-  Propane to propylene 78.9 5.1 39
5(ng/n,=10)
29 0.5Pt/4.4Zn, Na-ZSM-  Propane to propylene 554 10.5 39

5(ng/n,=10)

functionalization. These classes of materials are excellent supports of metal NPs and metal oxides.
The robust nature of MOFs is very useful for operation as a heterogeneous catalyst. The tunable
porosity and surface functionality make these catalysts selective towards both reactants and prod-
ucts. In addition to being used as support for metal NP or metal oxide catalysts, these materials can

be highly effective catalysts in their own right.

The Farah group used a Co(II)-anchored NU-1000 MOF as a catalyst for the oxidative dehydro-
genation of propane. Co(II) is deposited by either solvothermal deposition on MOF or atomic layer
deposition in MOF—both of which were found to be active for propane oxidative dehydrogenation
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at a relatively lower temperature of 200 °C. They showed with mechanistic computations that the
second abstraction of the C-H of propane is less energy-demanding than isopropyl migration. This
study indicates the possibility of controlling propene selectivity depending upon the temperature.*®

Very recently, Ghosh et al. reported N, S and P heteroatom-doped Fe-carbon nano-spheres for
the CO,-assisted dehydrogenation of ethylbenzene to produce 1-phenylethylene.*’ It was demon-
strated that the presence of each dopant viz. N, S and P has a prominent role in high-temperature
dehydrogenation while low-temperature dehydrogenation is majorly controlled by the iron content.
The N-doped hierarchical Fe-hollow sphere carbon (Fe-N-C) catalyst shows the highest catalytic
performance among these sets of catalysts due to the cooperative action of pyridinic N species and
the Fe3C phase for CO, activation.

174 OUTLOOK AND CONCLUSION

It has been a fascinating journey of catalyst development for a process as industrially important
and chemically intriguing as the dehydrogenation of paraffin. The daily improvement on the front
lines of mechanistic understanding and kinetic studies and their dependencies on various param-
eters show promising prospects in this field in the near future. Despite these innovations in various
directions, it should be mentioned in this context that very few alternatives have been presented as
industrially viable options apart from the classic Oleflex and Catofin. Multiple challenges such as
stability, the cost-optimized synthesis of the catalyst and the thermodynamic viability for in situ
dehydrogenation need to be addressed with these innovative catalysts. Further study of the struc-
ture-property correlation is essential to make an industrially viable catalyst. Because of the ever-
growing requirement of light olefins, tremendous attention and investments are being given by both
corporate industries and several federal agencies in the USA, the EU, Saudi Arabia, Iran, India,
etc. Keeping in mind that reactor design and process control are the complementary components
of dehydrogenation, smart catalyst development is of the utmost importance. Aspects such as the
usage of CO, as a promoter for dehydrogenation to improve carbon utilization and the exploration of
the oxidative pathways of dehydrogenation to stabilize the catalyst need to be major focuses of the
research fraternity. Accordingly, enhanced coordination between industry and academia is solicited
for the achievement of the best outcome of developmental research in this field.
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