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Abstract

The natural scrolled clay, halloysite, was studied as a catalyst and solid support for the
development of encapsulated transition metal nanoparticles (M@Hal). With the unique tubular
nanostructure, raw halloysite exhibited remarkable chemical reactivity superior to other clays in the
esterification of biomass-derived carboxylic acids. Raw halloysite was also effective in the
esterification of various aromatic and non-aromatic carboxylic acids. These results indicated that
halloysite has the potential utility as a “Green” heterogeneous catalyst for a broad scope of

esterification applications.

A novel Pd@Hal nanocomposite was synthesized under ambient conditions. The newly
prepared catalyst was applied to the widely used Suzuki-Miyaura cross-coupling reaction. This
nanocomposite material produced exceptionally high yields of biaryl compounds under ambient
conditions. Complete product conversion was obtained with no byproducts using an alcohol: water
solvent system at room temperature. It showed excellent results with both hydrophobic/ hydrophilic
substrates. The Pd@Hal nanocomposite was also utilized in the hydrogenation reaction of nitro
compounds. It exhibited high reaction yields of the corresponding aniline derivatives under
ambient conditions. The catalyst was shown to be recoverable and recyclable in both reaction

systems without significant loss of catalytic activity.

A reliable method was developed for the preparation of the Ir@Hal nanocomposite. The
Ir@Hal catalyst was very efficient for the hydrogenation and transfer hydrogenation of phenol to
furnish cyclohexanol. The Ir@Hal nanocomposite effectively hydrogenated various aldehydes and

ketones with a broad scope of substrates under very ambient conditions. The catalyst was shown to

XX



be recoverable and recyclable without significant loss of catalytic activity for both the

hydrogenation of phenol and cyclohexanone to yield cyclohexanol.

The M@Hal nanocomposites developed in this study proved robust and stable under
various reaction conditions. Furthermore, as catalysts, these M@Hal nanocomposites afforded high
yields of the target compounds, were amenable to scalable conditions, and exhibited incredible rate
enhancement for various organic transformations. In addition, these M@Hal nanocomposites
demonstrated the further utility of halloysite as a support for the development of transition metal-
based nanocomposite for heterogeneous catalysis having all the advantages of easy separation, easy

recovery, and excellent solubility/dispersion.

Keywords: Transition metals, Halloysite, M@Hal, heterogeneous catalysts, Pd@Hal, Ir@Hal,
Organic transformations, recovery, Green Chemistry, Suzuki-Miyaura Cross-Coupling,
hydrogenation

XXi



Chapter 1

Introduction

1.1 Green Chemistry

Green innovation aims for safer, energy-efficient, reduced waste for products and processes. Such
products and procedures are based on renewable materials and have a low net impact on the
environment. Green nanotechnology is about manufacturing processes that are economically and
environmentally sustainable. Industries can apply green chemistry principles to produce safer and
more sustainable nanomaterials and more efficient and sustainable nanomanufacturing processes.
There is rising pressure from both society and governments for chemistry-based industries to become
more sustainable by developing eco-friendly products and strategies that reduce waste and prevent
toxic substances from entering the environment. As is often the case, novel and innovative thinking
may solve significant science issues, liberating itself from the old beaten paths on how things were

done in the past. Such a new review often results in bold and ground-breaking solutions. *

The chemical industry is critically important to the world economy; however, its success has
led to environmental damage. A greener approach needs to be adopted to prevent additional
environmental and public health damage. Green chemistry promotes the careful design of chemical
manufacturing processes to reduce toxic components and reduce or eliminate waste and energy use.
Industries, universities, and government agencies worldwide are putting in the necessary work to
develop more sustainable and efficient procedures that follow green chemistry's principles. Green

chemistry is an approach to chemistry that aims to increase efficiency and reduce hazardous effects



on human health and the environment. While no reaction can be entirely "green,” the chemical
industry can help reduce the overall negative impact by implementing the 12 principles of Green
chemistry whenever possible.? Paul Anastas proposed that chemistry should be done by using benign
chemicals and processes. The proposed focus was on using harmless chemicals instead of toxic ones,
developing new, safer chemical processes, and redesigning the old chemical processes to make them

milder.?
1.1.1 History of Green Chemistry

Green chemistry was initially established as a response to the Pollution Prevention Act of 1990,
which proclaimed that U.S. national policy should reduce pollution by enhancing the design of
products and processes. By 1991, the U.S. Environmental Protection Agency (EPA) Office of
Pollution Prevention had initiated a research grant program urging the redesign of existing chemical
products and processes to reduce impacts on human health and the environment. The EPA provided
funding in the early 1990s for basic green chemistry research with the U.S. National Science
Foundation (NSF). The 12 Principles of Green Chemistry that we use today were issued in 1998,
offering clear guidelines for developing chemicals and processes.® The Royal Society of Chemistry
launched its Green Chemistry journal in 1999. In 2005, the Nobel Prize in Chemistry was awarded
to Yves Chauvin, Robert H. Grubbs, and Richard R. Schrock "for developing the metathesis method
in organic synthesis." 4 These discoveries provided a chemical reaction now used daily in the
chemical industry to produce environmentally friendly products, such as pharmaceuticals, fuels,
synthetic fibers, and many other products. This discovery was a significant step forward for green

chemistry.



1.1.2 Twelve Principles of Green Chemistry

1. Waste prevention: prioritize waste prevention rather than cleaning up and treating waste after

being created. Plan to minimize waste at every step.’

2. Atom economy: reduce waste at the molecular level by maximizing the number of atoms from all
reagents incorporated into the final product. Chemists should aim to minimize the E-factor (ratio of
all reaction waste mass to the desired product mass). Use the atom economy to evaluate reaction

efficiency.®

3. Less hazardous chemical synthesis: Design chemical reactions and synthetic routes to be as safe
as possible. Consider the hazards of all substances handled during the reaction, including waste.> A

safer synthesis may reduce the number of isolations and purifications. 2

4. Designing safer chemicals: minimize toxicity directly by molecular design, predict and evaluate

aspects such as physical properties, toxicity, and environmental fate throughout the design process.®

5. Safer Solvents and Auxiliaries: choose the safest solvent available for any given step. Minimize
the total amount of solvents and auxiliary substances used, as these make up a large percentage of

the total waste created. 2 °

6. Design for energy efficiency: energy requirements should be established for their ecological and
economic impacts and reduced. Synthetic procedures should be conducted at ambient temperature

and pressure. >°

7. Use of Renewable feedstock: use chemicals made from renewable sources rather than other
equivalent chemicals originating from petrochemical sources. Another advantage of renewable

feedstocks is that the feedstock's oxidation state is often close to its desired product.



8. Reduce Derivatives: Avoid derivatives to reduce reaction steps and waste created. 2°

9. Catalysis: Use catalytic instead of stoichiometric reagents in reactions. Choose catalysts to help

increase selectivity, minimize waste, and reduce reaction times and energy demands. 2 °

10. Design chemicals and products for degradation: Design chemicals that degrade and can be
removed easily from the environment and ensure that both chemicals and their degraded products
are not toxic to the environment. This principle is perhaps one of the most challenging principles to
apply, despite sound experimental evidence of what groups degrade well in the environment.

Products must be stable long enough to be available before and during use. %3

11. Real-time to prevent pollution: Include in-process real-time monitoring and control during

syntheses to minimize or eliminate the formation of byproducts.

12. Minimize the potential for accidents: Select chemicals and their physical forms to reduce the

potential for chemical accidents, avoid substances that are corrosive, reactive, or acutely toxic. 23
1.2 Nanoscience

Nanotechnology is an evolving field. It is an interdisciplinary science with extraordinary capabilities
that have been widely advertised for well over a decade. Nanotechnology, as an emerging
technology, offers a significant prospect for the scientific community. The development of both new
nanomaterials and production techniques provides a substantial opportunity for designers.
Nanotechnology can play an essential role in bringing a pivotal functionality to a product;
Nanotechnology may represent a small percentage of a final product whose essential functions hinge

on exploiting nanotechnology's size-dependent phenomena. & 7



Today, nanotechnology is a prominent scientific field since it combines knowledge from Physics,
Chemistry, Biology, Medicine, Informatics, and Engineering.” ® The application and use of
nanomaterials in electronic and mechanical devices, in optical and magnetic components, quantum
computing, tissue engineering, and other biotechnologies, with smallest features, widths well below
100 nm, are economically the most essential parts of nanotechnology nowadays and presumably in
the future. The number of nanoproducts is rapidly growing, with more nanoengineered materials
reaching the global market. The continuous innovation in nanotechnology will result in the
fabrication of nanomaterials with properties and functionalities that will positively change human
health, the environment, electronics, and many other fields.

Nanotechnology can help solve severe global issues such as energy adequacy, climate
change, or fatal diseases. Nanotechnology is an area with up-and-coming prospects for turning
fundamental research into successful innovations. It will boost the industry's competitiveness and
create new products that will positively influence the medical field and the environment.
Nanoscience and nanotechnologies open up new research opportunities and lead to new, useful
applications, especially in the medical treatments of fatal diseases, such as brain tumors and
Alzheimer's disease.” Nanomaterials with unique properties allow for new applications to be
discovered. Products containing engineered nanomaterials are already on the market; these include
metals, ceramics, polymers, smart textiles, cosmetics, sunscreens, electronics, paints, and varnishes.
However, new methodologies and instrumentation are needed to increase the knowledge of the
properties of the material. Nanomaterials must be assessed for potential effects on health as a

precaution and their possible environmental impacts.’



1.2.1 Green Nanoscience

Over the past decade, nanotechnology has made significant advances, moving nanotechnology closer
to achieving its green potential. However, some novel solutions could have adverse effects on the
economy and environment, such as health and safety (EHS) risks (e.g., high energy manufacturing
processes and processes that may rely on toxic materials)*. These risks must be lessened in advancing
green nanotechnology solutions. Environmentally friendly production can be obtained through

nanotechnology by joining nanoscience and green chemistry principles.

Green nanoscience seeks to produce greener nanomaterials and to develop effective synthetic
processes. Like green chemistry, green nanoscience aims to reduce or eliminate hazards to human
health and the environment through product design and process optimization. Green nanotechnology
can have various roles and impacts on a wide variety of products. Green nanotechnology is expected
to impact an extensive range of economic sectors. Products incorporating multiple green
technological innovations such as biotechnology and energy technologies are being developed and
used worldwide.! Green nanotechnology aims for energy efficiency, reducing waste and toxicity in
the earliest stages of molecular design and production to alleviate the ecological effects and enhance
the safety and efficiency of chemical production, use, and disposal. Green nanotechnology can
support the development of sustainable solutions to address global issues of environmental concern.

It takes a lifecycle approach to minimize the undesirable effects of chemicals and their production.t
1.3 Catalysis

Chemical reactions involve changes in the arrangement and bonding of atoms in molecules,
characterized by a reduction in free energy, the absorption/release of heat, and changes in the state

of ordering the system. The reaction rate is determined by the energy pathway for the conversion of



reactants to products. The use of catalysis can improve the economic processes in both productivity
and energy consumption. A catalyst is defined as a substance that increases the rate at which a
chemical reaction approaches equilibrium without itself being consumed in the process. The
definition above has three key features: (i) catalysts increase the rate by reducing the activation
energy barrier between reactants and products; (ii) catalyst concentrations do not influence positions
of equilibrium; and (iii) reaction should leave the catalyst in a condition such that it can affect an
infinite number of further conversions. However, there are two important implications. The lowered
activation energy barrier and the unmodified equilibrium position require that the reverse reaction
be catalyzed to the same degree as the forward reaction. Therefore, a good hydrogenation catalyst
will also be a good dehydrogenation catalyst under appropriate conditions. Also, that the surface is
regenerated after each reaction turnover so that the catalyst has an infinite lifetime. This is
particularly important but usually compromised in practical application. The harsh conditions of a
chemical reaction and the heat flows may lead to irreversible catalyst morphology changes, such as
particle growth with associated loss of surface area or the active catalyst's transformation into less
active or inactive material.}® Furthermore, undesirable side-reactions may lead to the permanent
deposition of products such as carbonaceous residues onto the catalyst surface, which act as
poisons.t The term “catalysts selectivity” is introduced because the reaction products are considered
catalyst-dependent and because the reaction path facilitated by a catalyst is conditioned by its surface
chemistry. For example, under appropriate conditions, carbon monoxide hydrogenation gives almost
entirely methane over a nickel catalyst, almost entirely methanol over promoted copper, and higher
hydrocarbons over ruthenium; each process is operated on an industrial scale.'? The definition is not
breached because each of these processes is thermodynamically feasible and the positions of
equilibrium being approached are those available in principle for an uncatalyzed reaction. However,

each case the unique chemical reactivity of the surface guides the reaction along an energetically
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favorable pathway to these specific products. Catalyst selectivity is of paramount importance in the

development of industrial processes, both for economic and environmental reasons.'® 13

Catalysis has been of high interest for chemists since England's Humphry Davy observed in
the early 1800s that water was formed when hydrogen and oxygen react in the presence of a red-hot
platinum wire. The early use of catalysis in the industry was demonstrated in 1832 when Peregrine
Phillips used platinum to oxidize sulfur dioxide (SO.) to form sulfur trioxide (SOs). Frederic
Kuhlmann followed this in 1837, in which platinum was used to catalyze the production of nitric
acid from ammonia.l* Early in the twentieth century, catalysis was shown to accelerate the reaction
rate, and the activity was influenced by the state of the catalyst surface. From then on, chemical
technology has made remarkable progress with the use of catalysts.’® In early 1900’s, there was a
burst of new industrial-scale processes. These include the development of the Fischer-Tropsch
synthesis of alkanes from carbon monoxide and hydrogen, BASF's use of vanadium oxide to produce
sulfuric acid, and the "catalytic cracking™ " process of petroleum for the production of toluene, an
important precursor to the explosive trinitrotoluene (TNT).2 Since these early discoveries, catalysts
have played an essential role in many industrial processes. Some examples include (i) production of
ethylene oxide from ethylene, (ii) synthesis of hydrogen cyanide and acrylonitrile through
ammoxidation, (iii) synthesis of formaldehyde from the oxidation of methanol, and (iv) the
production of plastics, synthetic fibers through polymerization reactions.™® Oil companies became
involved in their catalyst production because they were needed for their refineries, such as ZSM-5
catalysts based on zeolite (a naturally occurring mineral) developed by Mobil.*®: 17 Shell has used its
technology to generate the sales of its catalysts for hydrogenation cracking.!” Other companies such
as Johnson Matthey used precious metals for industrial catalysts by using platinum metal to purify

gases or treat effluent tail gases.'®



1.3.1 Catalysis in Pharmaceuticals Based on Metal-Mediated Catalysis

The application of catalysts is ubiquitous in the chemical industry in areas ranging from
pharmaceuticals to polymers to petroleum processing. More than 90% of all industrial processes are
based on metal-mediated catalysis.'® The widespread utilization of catalytic processes in the industry
reflects the economic and environmental benefits achieved through catalysis. Ibuprofen is one of the
most used over-the-counter pain relievers. The traditional (Boot's) synthesis requires six steps that
use large volumes of solvent, corrosive reagents, and stoichiometric quantities of materials. This
process also displays low atom economy; only 40% of the atoms in the starting materials are
incorporated into the product. In contrast, in 1992, BHC Company revealed a new, alternative
process of synthesizing ibuprofen that was much more environmentally friendly and a model of atom
economy,® 20 of ibuprofen is achieved in only three steps Scheme 1 Catalytic amounts of reagents
are used in each step of the synthesis, and greater than 99% of the catalyst is recycled. Atom economy
doubles to 80%, significantly reducing the amount of waste generated. Scheme 1 shows a metal
catalyst used in each step, shortening the overall number of steps to obtain the final product

(Ibuprofen).

Scheme 1. BHC synthesis of Ibuprofen.
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The recently developed three-step catalytic route for ibuprofen, using catalytic acylation,
hydrogenation, and carbonylation, represents one of the best examples of catalysis for cleaner
processes in pharmaceuticals.?! Naproxen is another important drug in this category, which is
currently manufactured by multistep stoichiometric synthetic routes: (i) the Syntex process, starting
with a-naphthol and involving stoichiometric bromination, methylation, and alkylmetal coupling
reactions to yield naproxen; (ii) the Zambon process, involving acylation of nerolin (2-
methoxynaphthalene), ketalization, bromination, hydrolysis, and reductive cleavage as the key steps;
and (iii) asymmetric hydrogenation of 6-methoxy naphthacrylic acid, using the Ru-(S)-BINAP
catalyst.?? Attempts toward the direct synthesis of chiral naproxen via a chiral pool (S)-lactate, and
asymmetric hydroformylation followed by oxidation, were also made. These routes suffer from
drawbacks such as hazardous reagents and the generation of undesired waste that consists of
inorganic salts. Therefore, it is most desirable to develop an environmentally benign catalytic route
for the synthesis of naproxen. A detailed study on the two-step hydroformylation-oxidation route for
the synthesis of D, L-naproxen (2- MNPA) shown in Scheme 2. The proposed hydroformylation-
oxidation route to naproxen involves the following reaction steps: (i) the hydroformylation of MVVN
to the regioisomers 2-MNP and 3-MNP, and (ii) the oxidation of 2-MNP to D, L-naproxen (2-
MNPA), using H2O; as the oxidant. The stoichiometric reactions are shown in Scheme 2. Because
only 2-MNP is useful for naproxen synthesis, regioselectivity is the most important in the catalytic
hydroformylation step. Therefore, the hydroformylation of 6-methoxy-2-vinylnaphthalene (MVN)
was investigated using a Rh(CO)2(acac) catalyst to understanding the role of ligands, reaction
conditions, and Kinetics. In the second step, the oxidation of 2-MNP with H20- as the oxidant has
been investigated using Na;WO4, Na2MoO4, Na;VO, PTA, and PMA as catalysts. The improved
selectivity through catalysis minimizes or eliminates the need for product separation, reducing the

use of solvents and separation agents.?®
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Scheme 2. Synthesis of D, L-Naproxen via a hydroformylation-oxidation route.??
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The critical intermediate (bisnoraldehyde) for the production of progesterone and
corticosteroids, by Macia and Upjohn, was achieved by switching from a heavy metal oxidant to a
bleach and catalyst/co-factor system Scheme 3%* The revised synthesis employs a genetically
modified bacterium that uses whole soya sterols, a renewable feedstock, more efficiently than the

previous process, increasing feedstock utilization from 15% to 100%. The new catalytic features of
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the process reduce aqueous waste by 79% and non-recoverable organic solvent waste by 89%.

Scheme 3. Synthesis of bisnoraldehyde.
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A variety of reactions can be carried out in an aqueous environment by selecting a suitable
catalyst. Water is a desirable solvent choice: it is inexpensive and readily available, non-toxic, and
non-flammable.® % An indium catalyst has been employed in several carbon-carbon bond-forming
reactions conducted in water. For example, the coupling of a hexose sugar with a 1,3-dicarbonyl

compound is efficiently promoted in water using an indium catalyst Scheme 4.2

Scheme 4. Synthesis of furyl glycosides via InCls coupling reaction in water.
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Metal-mediated reactions in water have found applications in cyclization, ring expansion, and
isomerization reactions. These examples above show the green chemistry benefits of a less hazardous
solvent, reduced energy usage, ease of separation, and selectivity for waste minimization for the

preparation of important compounds and intermediates.

1.4 Sustainable Development

The World Commission for Environment and Development, founded in 1983 by the United Nations,
was given the task of formulating a report on the perspectives of long-term, sustainable, and
environmentally friendly development on a worldwide scale by 2000 and after.?” The commission

defined sustainable development as meeting the present generation's needs without compromising
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future generations' ability to meet their own needs. In the succeeding two decades, the concept of
sustainability has become the focus of considerable attention both in industry and in society. The 12
principles of green chemistry need to be employed when developing new materials and processes,
which can be difficult. These principles distinguish catalysis as one of the essential tools for engaging
green chemistry. It allows for the use of less toxic materials.?’ Catalysis is an essential means for
the development of a sustainable world and is a key technology in achieving sustainability goals in
a broad range of sectors, products, and processes. The focus on catalysis-related research and

development activities remains towards sustainability.?®

Efficiency is the primary driver in catalysis as it directly links to the maximization of the
benefits (desired products, profit, etc.) with a minimum of costs in a broad sense. The main properties
of industrial catalysts are more than simple inorganic materials (e.g., environmental impact, raw
chemicals, materials use, energy consumption, capital investment, etc.). Efficiency is addressed at
three levels: (i) atom-efficiency- improving efficiency in the use of scarce resources is important
through steep reduction of waste and byproducts and use of raw materials, as catalysis impacts the
effective use of available feedstocks; (ii) cost-efficiency- catalysis has a significant effect on cost-
efficiency through improved reaction effectiveness (e.g., reduced separation and waste disposal
costs), reduced capital investments (e.g., novel process, one step reactions, and reactor concepts),
improved plant and feedstock flexibility, reduction and production time, etc.; (iii) energy-efficiency-
a key factor in the use of catalysis is the ability to reduce the energy needed to manufacture desired
products and operate specific processes.?® A major challenge for catalysis is to apply its potential
towards the improvement of efficiency, which will benefit the end-user through better and cheaper
products and processes, the environment through sustainability improvements, and the industry

through increased profit margins. Catalysis offers many green chemistry benefits, including lower
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energy usage, the use of catalytic amounts of materials, enhanced selectivity, and reduced usage of

processing and separation agents.?® 3
1.5 Types of catalysis

Catalysis is principally divided into two branches: homogeneous catalysis, when the catalyst is in
the same phase as the reaction mixture (typically in liquid phase), and heterogeneous catalysis, when
the catalyst is in a different phase (typically solid/liquid, solid/gas or solid/liquid/gas). Table

1 summarizes a comparison between the main features of homogeneous and heterogeneous catalysis.

Table 1. Comparison between homogeneous and heterogeneous catalysis.

Feature Homogeneous Catalyst | Heterogeneous Catalyst
Form metal complex solid, often metal or metal oxide
Activity high variable

Selectivity high variable

Reaction Conditions mild harsh

Average Time of Life variable long

Sensitivity to Poisons low high

Problems of Diffusion none possible

Recycling difficult (and expensive) | easy

Separation from Products difficult easy

Variations of steric and electronic features | possible difficult

Intelligibility of the mechanism possible difficult

One of the main advantages of homogeneous molecular catalysts is that their active sites are
spatially well separated when they operate under ideal conditions. Because of such spatial separation

and the sites' self-similarity, there is a constant energetic interaction between each active site and the


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6264315/table/molecules-15-03829-t001/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6264315/table/molecules-15-03829-t001/

reactant (substrate). Another advantage, also a direct consequence of spatial isolation and energetic
constancy, is that such catalysts are readily amenable to almost all characterization techniques such
as time-resolved NMR, FT-IR, X-Ray absorption, and other spectroscopic methods available.
Nevertheless, although homogeneous catalysts present, in general, high activity and selectivity
values, they show, as a significant drawback, difficult recycling and separation from the products. A
heterogeneous system's strengths are easy separation, easy recovery, no solubility, and miscibility
issues. Heterogeneous systems help reduce the cost of production and support environmentally

benign processes.

Heterogeneous catalysis has a fundamental role in the development of sustainable industrial
processes, as it possesses the ability to achieve the objectives of industrial catalysis while paying
attention to the principles of sustainable and green chemistry.®! The usage of heterogeneous catalysis
in industrial applications is growing with time and because they can address green chemistry goals
by providing the ease of separation of product and catalyst, thus eliminating the need for standard
methods of distillation or extraction for catalyst separation, makes them very attractive when
compared to homogeneous catalysis. These procedures often have a straining effect on the catalyst,
especially when the solubility is difficult (challenging for the extraction procedure) or overly
sensitive to temperature. Also, environmentally benign catalysts such as clays and zeolites may
replace more hazardous catalysts currently in use. 232 This chemistry domain is even expected to
grow due to environmental constraints, which need better selectivity in the reactions and new

catalysts for treating pollutants or for depollution issues.

Heterogeneous catalysts take the form of either metals or ionic compounds, which can either
be bare or serve as substrates for metal clusters or nanoparticles (NPs). Such catalysts are stable even
under relatively harsh reaction conditions (such as high temperatures and pressures) and are readily
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separated from reactants and products. By virtue of this robustness, heterogeneous catalysts dominate
large-scale industrial processes. Heterogeneous catalysis usually occurs at the surface of a solid
catalyst, which ideally has a high surface area to volume ratio. For example, smaller metal particles
have a higher fraction of surface atoms than do larger metal particles. This fraction not only has an
impact on the fraction of catalytically active metal atoms (metal atom utilization) but also has a
substantial effect on selectivity. The metal atom utilization in homogeneous molecular catalysts can
reach 100% — a figure that may be orders of magnitude higher than heterogeneous catalysts. Indeed,
heterogeneous catalysts might feature non-uniform aggregates of hundreds and/or thousands of metal
atoms, only a small fraction of which are exposed to reactants. For example, the reactive,
coordinatively unsaturated metal atoms at apices, edges, steps, and corners usually represent less
than 20% of the total metal atoms. Increasing the metal atom utilization of a catalyst is particularly
important for heterogeneous catalysts composed of a solid substrate decorated with a platinum group
metal (PGM) such as Pd, Pt, Rh, Ir, or Ru. Although these metals are among the least abundant of
the earth’s elements, their presence in catalysts to control vehicle emissions, produce chemicals,
refine petroleum, and serve in fuel cells is required. Thus, there exists a long-standing interest in
fabricating heterogeneous metal catalysts that feature atomically dispersed metal atoms as robust
active centres (100% atom utilization efficiency). Such an approach would combine the advantages
of typical homogeneous and heterogeneous catalysts. Heterogeneous catalysts with atomically
dispersed metal atoms have been actively studied in the past several years. Further efforts are
necessary for the design of new heterogeneous catalysts to reach activity and selectivity values

competitive with homogeneous ones.

Understanding  structure/reactivity/selectivity relationships in classical metal-based

heterogeneous systems is complicated by uncertainties in the active site structure(s) and the large
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variety of surface species that are catalytically significant. In general, solid catalysts working
heterogeneously possess a broad spectrum of active sites, each with its own energetics, activity, and
selectivity. For instance, in a dispersed metal particle, atoms located at surface steps, kinks or
terraces, or at the flat exterior surface are stereochemically different from one another, which
dramatically influences the variety of energetic situations associated with the adsorption of substrate
species.®* * Such a complex problem is encountered with all metal- and alloy-based catalysts and a
vast number of other catalysts that are continuous solids, including close-packed oxides, halides, and

chalcogenides.

A catalyst's design strives to optimize stability, turnover, solubility, and ease of separation
from the product. Changes in ligand design or metal selection can significantly improve selectivity,
energy consumption, and solvent utilization. Catalysts also permit the use of more environmentally
friendly feedstocks and reagents. In heterogeneous catalysis, three common core areas have to be
considered for future catalysis development: (i) correlation structure, dynamical rearrangements,
transition state, and reaction intermediates; (ii) new strategies of catalyst preparation to establish a
molecular control of structures (e.g., nanoparticles as most catalysts heterogeneous, homogeneous,

and enzymes are NPs); (iii) molecular characterization of the active catalysts.>>%’
1.6 New catalysts

Society demands the development of environmentally friendly products, synthesized by cleaner and
more energy-efficient processes require catalysts with different structures and advanced control of
active site location and tailored activity.® The drivers will be both discovery of new catalyst
structures and challenges provided by new resources and new product demands.>® Molecular-level
understanding of structure/performances relationships is necessary to go from novel materials to

effective catalysts. Future developments in catalyst synthesis should be directed toward better
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integration of green chemistry principles to limit the environmental impact of large-scale catalyst
preparation procedures: moderate the energy input, organic solvent uses, limit problematic wastes
(i.e., metal nitrates) or toxic exhaust gases (calcination of ammonium salts generates NOx). Research
is performed worldwide to discover new catalysts to give better reaction yield or even new catalytic
reactions. Although major industrial processes have been discovered and developed by the second
half of the last century, progress is still needed, as the major challenges for the future are to reach

100% selectivity and to use less energy.*2

The last two decades witnessed a tremendous scientific effort to transfer the homogeneous
molecular approach to heterogeneous catalysis, leading to single-site heterogeneous catalyst (SSHC)
development.*®*> The main aspect of such catalyst is, by definition, that active sites are identical in
chemical composition and their atomic environment, and thus in their interaction with reactants. It
could be isolated atoms such as Brgnsted H* sites in zeolites or molecular complexes, such as
multinuclear nanoclusters or organometallic complexes. In many cases, porous materials, such as
zeolitic or mesoporous materials of high surface area, favor a good dispersion/isolation of the active
entities and may lead to SSHC.*® Such single-site catalysts, which are common to metal-centered
homogeneous catalysts and enzymes, enable the design of new catalysts for various selective
oxidations, hydrogenations, hydrations, and other reactions that the “greening” of industrial

processes demand.

A single-site heterogeneous catalyst (SSHC) is a solid where the catalytically active sites are
well-defined, evenly distributed entities (single sites) with a definite chemical surrounding, as in
conventional homogeneous systems, but which show all the advantages of heterogeneous systems,
in terms of easy separation, recovery, and recyclability.*” Such single sites are typically located over
solid supports with high surface area and present the following general features: (i) they consist of
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one or few atoms (as in the case of chemically defined metal clusters); (ii) are spatially isolated from
one another; (iii) have all identical energy of interaction between the site itself and a reactant; (iv)

are structurally well characterized.

SSHC can be compared to those solid catalysts where the active species are present as metal
particles or bulk domains of metal or oxidic components whose composition is different from that of
the support. In classical heterogeneous catalysts, the catalytically active sites can be surrounded by
atoms (or species) of the same nature (e.g., the Ni atoms in a conventional Ni/Al>Oz hydrogenation
catalyst), whereas the atomic (or molecular) isolation of the active moieties is the distinctive feature

of SSHC. 54850

The problems presented by both homogeneous and heterogeneous catalysts have triggered
intense research over the last few decades in the quest for alternative systems that, ideally, would
bridge the gap between these two subdisciplines of catalysis by implementing truly single catalytic
sites at the surface of a solid catalyst. The challenge at hand is certainly not trivial: progress in this
direction requires the discovery of new materials able to offer sufficient design possibilities as to a
Center for Molecular Modeling allow for an exquisite control in the implementation of catalytic
functions. Metal-organic frameworks (MOFs) and covalent and porous organic frameworks (POFs)
are two relatively new classes of materials that have the potential to become the ideal homo-hetero

bridge.>>7

MOFs are crystalline compounds consisting of infinite lattices comprised of inorganic
secondary building units (SBUs, metal ions, or clusters) and organic linkers, connected by
coordination bonds of moderate strength. Distinct from traditional inorganic materials, MOFs can be
synthesized from well-defined molecular building blocks and may be understood as molecules

arranged in a crystalline lattice.>®
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Porous organic frameworks (POFs) are another class of porous materials that, in contrast to
MOFs, are constructed solely from organic building blocks.>*%! POFs can be classified into two
groups depending on the crystallinity of the final solid. Covalent organic frameworks (COFs) are
typically synthesized relying on reversible covalent bonds, resulting in highly crystalline materials
with mild to low stability. In contrast, amorphous porous organic polymers (POPS) are constructed
through irreversible covalent bonds (e.g., C—C bonds). As a result, interpenetrated and non-
crystalline structures are typically formed, displaying excellent stability. In both cases, these
materials possess high surface area, tunable pore size, and adjustable skeletons, which brings promise
to a wide range of applications. Also, POFs can be locally decorated with molecular catalysts that
may acquire activities and selectivity comparable to their homogeneous analogs. In clear analogy to
MOFs, the vast majority of POFs is synthesized in a modular fashion, making straightforward
incorporation of functional groups easy and, therefore, opening a promising playground for using
POFs as catalysts. As discussed above, heterogeneous single-site catalysts are isolated, well-defined,

active sites which are spatially separated in a given solid and, ideally, structurally identical.
1.6.1 Preparation of Single-Site Heterogeneous Catalysts

Conceptually different approaches have been applied to create catalytically active MOFs and POFs.
The host matrixes where single-site centres can be uniformly dispersed have inorganic, organic, or
composite nature. Inorganic matrices are typically oxidic solids (silicates, aluminosilicates,
aluminophosphates, etc.), often with high porosity and an exceptionally large specific surface area.
Organic host matrices have, on the contrary, a carbon-based backbone and are constituted of
polymers with different side functionalities that can bind and accommodate the single active site.
Then, composite matrices are composed of mixtures of inorganic and organic constituents, in
variable proportions and with various morphologies (e.g., co-polymers, multiple-shell materials,
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mesoporous hybrid frameworks). Three main approaches to obtaining single sites from their
precursors: (i) in-matrix synthesis; (ii) post-synthetic covalent deposition; (iii) post-synthetic non-

covalent deposition.

In the in-matrix synthesis approach, the atom-isolated catalytically active sites are
homogeneously dispersed in the support matrix and are located at or adjacent to ions that have
replaced framework ions of the parent structure. The active species' precursor is already present in
the synthesis mixture of the final material, together with the other components, and the single sites
are introduced during the synthesis step. The site's chemical environment (hydrophilic/hydrophobic
character, surface acidity, steric constraints, etc.) is strongly dependent on the matrix's physical-
chemical characteristics. As the main drawback, some centres can be ‘buried’ within the bulk of the

solid, and they cannot be accessible and available for catalysis.®?

In the post-synthesis covalent deposition approach, the active centre is generally added to the
support as a precursor that can be deposited onto the surface (anchored or grafted) by the formation
of covalent bonds. The precursor can be deposited as it is or after functionalization with a side chain
(a tether).5% %4 In the anchoring technique Figure 1a, the active metal (the single site) maintains the
definite chemical surroundings as in the parent homogeneous precursor (the covalent deposition
takes place only at the opposite end) with all the advantages of heterogeneous systems easy
separation, recovery, and recyclability. Conversely, in the grafting technique Figure 1b, the single
active site has a different chemical surrounding with respect to the parent precursor; because the
coordination shell around the metal centre is partially modified during the covalent deposition, a new

reactivity of the active species is expected for this type of catalyst.

Figure 1. (a) Anchoring method. (b) Grafting method.
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Finally, in the third approach, the homogeneous precursors of the single-site active centres are
immobilized onto the surface of solid supports by non-covalent interactions, such as hydrogen bonds,

weak van der Waals interactions, or mechanical confinement (trapping or encapsulation) Figure 2.

Figure 2. Immobilization of single-site active centres onto the surface of the solid support.

®
ML, ML,
Electrostatic Weak Interactions Encapsulation
Immobilization

22



Encapsulation covers a large selection of immobilizing catalytically active species within the
pores of inorganic or organic solids. It allows one to keep unaffected the optimal performances of
the original homogeneous catalysts. Due to a positive, cooperative effect, it is possible to have a final
system with improved characteristics with respect to the parent precursor. These entrapped metal
complexes are bulky and cannot diffuse out. In contrast, the reactants and products can freely move
through the system.%5-%” These materials frequently display, with respect to the homogeneous parent
complex, enhanced: (i) activity, adsorption and/or concentration effects; (ii) selectivity, as a
detrimental free-radical side reaction that occurs in solution, are mostly suppressed in encapsulated
systems, and (iii) stability, since catalyst deactivation pathways are hindered by local site isolation

of the complexes inside the solid matrix.

Encapsulated metal complexes can also easily be separated from the reaction media and
reused, with no metal leaching. Many approaches have been created and are being developed for
preparing such systems, as it is possible to use different support materials and a wide range of metal
precursors of varying nature. Furthermore, there are many possibilities to control and modify the
immediate atomic environment and the active site's central atomic structure to tune the catalyst

features according to its applications.
1.7 Transition Metal-Catalyzed Reactions: Development and Challenges

Transition metal-catalyzed organic reactions have become indispensable, but there remain numerous

challenges:

e Availability of noble transition metals
e The cost of transition metals and the cost of the associated ligand system

e The ability to recover/recycle the catalyst
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The development of new catalytic systems that could decrease metal use in chemical reactions or
make them recyclable is crucial to these reactions. These new catalytic systems aim to reduce metal
usage, improve the transition metal recovery from the reaction media, and increase the catalyst
lifetime (recyclability). In addition, easy recovery methods and catalyst recycling would reduce
waste streams and reduce the catalyst cost and disposal. These improvements will have a positive

impact on both the environment and the economy.

Transition metals continue to play a pivotal role in promoting chemical reactions for
laboratory and industrial-scale processes. As initially developed, transition metal catalysts
predominantly employed soluble metal complexes with various organic and inorganic co-additives.
Such complex homogenous reaction systems present several challenges for scale-up and industrial
use, inhibit product purification (metal removal), and have limited catalyst recyclability. Efforts to
convert homogenous metal/ligand systems into similarly ligated metal/ligand heterogeneous systems
using insoluble supporting materials have had little success. Recent studies aimed at developing
robust and recyclable metal heterogeneous systems with catalytic activities comparable to
homogeneous systems have focused on the potential use of nanoparticles, metal nanoparticle-
supported nanocomposite materials, and single-atom composite materials.®® However, many of these
systems suffer from low reactivity, thermal instability, metal leaching, metal agglomeration, and the
need for higher reaction temperatures.®® Furthermore, the potential of first-row transition metals as

heterogeneous catalysts remains to be thoroughly investigated.

Heterogeneous catalysis has been extensively discussed in recent years as a more viable
industrial process than homogeneous catalysis. Although homogeneous catalysts offer some
advantages, such as soluble metal complexes of various organic and inorganic co-additives, high
reactivity, and high selectivity, product purification (metal removal) is a significant issue. Also, poor
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ligand recovery and limited catalyst recyclability make these catalytic systems less than ideal for
large-scale industrial applications. Heterogeneous catalysts usually solve numerous problems
associated with homogeneous media and add advantages such as lower toxicity, the possibility of
catalyst recovery, recyclability, ease of handling, and easy separation from the reaction medium. For
these reasons, heterogeneous catalysts are referred to as “Environmentally Friendly." Within
heterogeneous catalysis, raw and modified clay minerals are widely used in many industrial
processes due to their advantageous properties, such as catalytic efficiency, low cost, wide

availability, ease of preparation, and high thermal stability.

1.7.1 Element Endangerment

The chemical elements which make up the Earth are limited to 90 natural elements with appreciable
abundance. These elements are crucial to fuel all human needs. With the progress in technology, an
increase in demand has been observed for numerous elements over the last two decades.’® The
extraction and usage of these elements have increased in recent years due to the high demand for
new materials for electronic applications and chemical catalysis. Many of these endangered elements
are metals, including transition metals and metalloids, and will be depleted within the next few
decades. The elements that have experienced some of the most significant increases in demand and
are among the most threatened are palladium, rhodium, and platinum. Changing the present
understanding of extraction, consumption, and waste management is needed to maintain the
continuous supply of these crucial elements. The risk of these endangered elements is highlighted in
Figure 3. For some, the threat is higher. The elements that are shown to be remarkably high risk do
not mean that they will disappear, but the supply will be overshadowed by demand. Eventually, it
will reach a point where it will no longer become economically viable to extract or use a particular
element. As the supply of these metals has struggled to keep up with demand, their prices have risen
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to a point where the application is no longer economically feasible. As a result, new nanoparticles

and nanocomposite technologies have emerged in an effort to minimize endangered element usage.

Figure 3. Endangered elements.
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1.8 Clay Science

Clay science has emerged after a few eras of clay use. The two main features that evoke interest in
clays are: (i) their expected availability and (ii) their extraordinary properties. Clay minerals vary in
chemical composition, structure, and occurrence modes because they are formed from different
parent rocks under variable conditions. Clay minerals are unevenly distributed in the lithosphere,
while their concentration steadily increases due to weathering and hydrothermal alterations. Clay
minerals in nature also undergo spontaneous modifications and transformations as environmental

conditions change. Natural clays are highly heterogeneous in composition and, almost invariably,
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contain "impurities” in the form of associated minerals. The particle size also influences the
mineralogical composition of clays, the smaller the size, the larger the amorphous x-ray material's
contribution. The fineness of clays predetermines both their vulnerability and reactivity. Clay
minerals are naturally occurring nanomaterials, abundant, inexpensive, and environmentally
friendly. They have a vast potential for the synthesis of clay-polymer nanocomposites with superior
mechanical and thermal properties. In industrial applications, clays can be categorized into four
types: (i) bentonites with montmorillonite as the principal clay mineral constituent, (ii) 'kaolin's
containing kaolinite, (iii) palygorskite and sepiolite, and (iv) common clays, which often contain

illite/smectite mixed-layer minerals.”
1.8.1 Clay Mineral Properties and Structural Information

The structures of phyllosilicates are all based on a tetrahedral (T) and an octahedral (O) sheet. They
may condense in either a 1:1 or a 2:1 proportion to form an anisotropic TO or TOT layer shown in
Figure 4. The 1:1-layer structure consists of the repetition of one tetrahedral and one octahedral
sheet. A 1:1-layer structure includes six octahedral sites and four tetrahedral sites. Dioctahedral is
when only four of the six octahedral sites are occupied. The 2:1-layer structure is one octahedral
sheet sandwiched between two tetrahedral sheets. Six octahedral sites and eight tetrahedral sites
characterize the 2:1-layer unit cell. The interlayers are bound together through electrostatic and

hydrogen-bonding forces.”
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Figure 4. 1:1 and 2:1 Clay structure.
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Isomorphic substitution by other metal ions of different valence easily occurs to the central
metal ion either in the octahedral (e.g., Mg for Al) or tetrahedral sheets (e.g., Al for Si), thus leading
to negative charges on the layers.”* Consequently, positive-charged cations exist within the interlayer
space necessary to compensate negative-charged aluminosilicate layers, and such cations are
hydrated like macro-counter anions. In both the 1:1 and 2:1 clay minerals, each layer's broken-edge
acts as a second source of charge, generally negative and pH-dependent.”> ™ Clay minerals have
distinctive physicochemical properties. Clays are layered structures. The layers possess a net
negative charge neutralized by cations such as Na*, K*, Ca?*, etc., which occupy the interlamellar
space. Clays' fantastic flexibility for modification is because other cations or other molecules can
easily replace these interlamellar cations. Molecules can be covalently attached to layer atoms by

straightforward procedures. These modifications offer tremendous scope for altering clay properties
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like acidity, pore size, surface area, polarity, and other characteristics that govern their performance

catalysts.”
1.8.2 Modifications or Functionalization of Clay Minerals

Modification or functionalization of the clay mineral surface and interlayer structure is applied to
enhance the clay mineral's endogenous properties. The resulting clay mineral product can be termed
as (designer clay) because the modification processes provide specially engineered attributes to the

material.*® " There are many ways to modify clay minerals:
e Adsorption
e lon-exchange with inorganic cations and cationic complexes
e lon-exchange with organic cations
e Binding of inorganic and organic anions, mainly at the edges
e Grafting of organic compounds
e Reaction with acids
¢ Pillaring by different types of polyhydroxy metal cation
¢ Interlamellar or intraparticle and interparticle polymerization

e Dehydroxylation and calcination
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1.9 Clay Mineral in Catalysis

Engineering clay minerals into catalysts primarily take advantage of the characteristics mentioned
above, mainly from their nanoscale layers and interlayer space. These clay-based catalysts can be
easily tailored based on the formulations, structure, and surface properties. Historically, clay-based
catalysts played a pivotal role in processing crude oil in the 1930s-1960s and ignited a new round of
extensive interest in the late 1970s in larger porous materials as a possible catalyst for fluid catalytic
cracking (FCC) of heavy oil.'® Meanwhile, many researchers have been attempting to use them as
catalysts in the green synthesis of fine chemicals and the removal of pollutants from the environment
by utilizing their peculiar adsorptive capacity and catalytic ability. Several strategies have been used
to design new clay catalysts. Methods of acidification, pillaring, and use as supports have been

combined to make new catalysts with a specific activity.

Given the design and preparation, herein, the term “clay-based catalysts” refers to the
catalytic materials developed from clay minerals using at least one of four approaches: (i) the
framework of clay minerals itself contains active species; (ii) the ions within the interlayer space are
judiciously exchanged with active components for catalysis purpose; (iii) functional nanoparticles
(NPs) or clusters are forged onto or within the clay nanostructure, and (iv) clay minerals or their
derivatives are used as catalyst supports. In many cases, several interactions and structures are

integrated to enhance their performances in separate ways or make them act in a synergic fashion.
1.9.1 Conversion of Biomass-Based Feedstocks using Clay Catalysis

The fossil fuel resources are diminishing, and increasing amounts of planet-warming greenhouse
gases like CO: and NOx and SOx in the atmosphere require the green production of renewable

transportation fuels. In the years ahead, it is expected that the tactical design and formulation of clay-
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based catalysts could be targeted to catalyze the conversion of biomass-based and biomass-derived
feedstocks.” Besides fuels, modern life also depends on the petrochemical industry because most
drugs, paints, and plastics are currently derived from oil. The current methods for obtaining fine
chemicals and materials are not sustainable in terms of resources and environmental impact. To
address this problem, a new focus of clay-based catalysts is on their function as active catalysts for
producing fine chemicals from bio-derived feedstocks, like lignocellulose and saccharide’” lactic
acid,”® and glycerol.”” An important chemical feedstock derived from plant biomass is v-
valerolactone (GVL). has recently described GVL as an ideal, sustainable liquid used to produce
energy and carbon-based consumer products. GVL is renewable, safe to store, and can be employed
as a liquid fuel, food additive, solvent, and intermediate to synthesize many fine chemicals. The
starting materials for obtaining GVL are levulinic acid and its esters, in turn, acquired by acid
hydrolysis of lignocellulosic biomasses. A sustainable process for the hydrogenation of levulinic acid
(LA) to y-valerolactone (GVL) has been reported. GVL can be easily obtained in high yield by
adopting mild reaction conditions by hydrogenating an aqueous levulinic acid solution using
commercial ruthenium-supported catalyst combined with a heterogeneous acid co-catalyst as the ion

exchange resins Amberlyst A70 or A15, niobium phosphate, or oxide.°

Scheme 5. Hydrogenation of levulinic acid (LA) to y-valerolactone (GVL).
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1.9.2 Clay Minerals in Organic Transformations

In addition to their environmental compatibility and cheapness, much effort has been spent exploring
newer methods of using clays in their raw and modified forms as catalysts for various organic
transformations. Clays have a long history of use as catalysts and support in organic reactions.®!
Recently, the application of clays and clay-supported catalysts in organic synthesis has increased.
The use of normal smectites, commercially available montmorillonite K10, and modified forms of
these clays have been reported.®> & These modified forms were intercalated with various inorganic
and organic ions, metal complexes, and organic compounds. Intercalating clays can optimize their
performance by increasing the rates of reactions, yields, product selectivity, and stereoselectivity,
including enantioselectivity. Clay-based catalysts can catalyze various types of organic reactions
such as addition, oxidation, epoxidation, hydrogenation, allylation, alkylation, acylation,
esterification, diazotization, rearrangement, isomerization, cyclization condensation, and

polymerization.

In Brgnsted and Lewis acids/bases or redox clay species, the clay's strategic modification can
enhance the catalytic sites. Integration of acidic properties and basic properties into a solid catalyst,
for example, acidic montmorillonite-immobilized primary amines (H-mont-NH:), served as an
excellent acid—base bifunctional catalyst for one-pot reaction sequences. This catalyst was the first

material with coexisting acid and base sites active for acid—base tandem reactions.34

Scheme 6. Acid-base reaction sequences by clay-amine catalysts.
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Due to their Brgnsted and Lewis acidities, clay minerals in their natural form function as efficient
catalysts for certain organic transformations. For example, natural kaolinites were used to catalyze

B-keto esters transesterification.®

Scheme 7. Transesterification of B-keto esters.

N,CHCO,Et, Pentane
RCHO » RCOCH,CO,Et+ N,
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The 2:1 chlorite-group mineral Chamosite was used to catalyze a few different reactions: acylation,

cyclization of arylaldehydes, and C-O bond formation reactions.®

Scheme 8. Alcohols and amines acylation reactions.
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Scheme 9. Cyclization of arylaldehydes with O-phenylenediamines.
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Scheme 10. C—O Bond formation reaction.

chamosite, K,CO
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These clay mineral catalysts are non-corrosive and low-cost. In addition, they can be easily
separated from the reaction media and reused in a subsequent reaction. Therefore, waste can be
minimized. Nevertheless, for catalytic use in many cases, further strategic modifications are
necessary to improve and intensify clay-based catalyst performance. Studies directed toward the
development of clay-based catalysts will become more prominent as the demand for green processes

increases.

1.9.3 Clay Minerals as Supports in Catalysis

Although modified clays can be designed and directly used as a solo catalyst in some reactions, many
clay-based solids are used as catalyst support. The surface or inner lumen of clays can be modified
by the immobilization or dispersion of catalytically active species. The immobilization of active
components on the surface is one way to use clays as support. In this case, the catalytically active
species might be immobilized through chemical bonds (grafting) or weaker interactions such as
hydrogen bonds or donor-acceptor interactions rather than physical adsorption. Often, the supports
and active catalytic components interact and then function through a synergistic effect. This partially
explains why the immobilization of costly metal catalysts (e.g., Au, Ru, Pd, and Rh) onto such a
support material remarkably enhances the catalytic efficiency. Finally, supported catalysts can
minimize commaodity catalyst costs due to decreased metal dosage, ease of separation, and catalyst
recycling.
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Acidified clay properties can be further improved by supporting the clay with Brgnsted or
Lewis acid compounds, metals, and metal oxides. Numerous metals and metal oxides supported on
clay materials that have been used as a catalyst for organic synthesis have been reported in the
literature.8” ® Clay-supported inorganic reagents (e.g., HNOs, ZnCl., AICIs) were investigated in
acid-catalyzed Friedel—-Crafts reactions.®” & Clay-supported metal catalysts have been studied for
hydrogenation reactions® ®*and oxidation reactions.®? The impregnation of bentonite with potassium
hydroxide to catalyze transesterification reactions of fatty oil to biodiesel.®*** However, in supported
catalysts, active components are just dispersed on the surface of supports through physical or
chemical adsorption. As a result, active components are not stable enough and readily suffer from
leaching, especially after repeated use. The use of grafting techniques has been used to help solve

leaching issues.
1.9.4 Clay-supported Metal Catalysts (Nanoparticles and Nanocomposite)

Metal nanoparticles have attracted the attention of researchers for many applications. Nano metals
are defined as clusters containing tens to thousands of metal atoms. Their sizes vary between one to
tens of nanometers.™ ®°7 Nanoparticles have been considered desirable catalysts due to the acquired
large surface area, higher catalytic efficiency, optical and electrical properties.®® %% The increased
catalytic activity is known to exist in nanoparticles, correlating with their sizes and shapes® 1% A
variety of synthetic methods such as radiation chemical reduction,!®* chemical reduction in an
aqueous solution with or without stabilizing polymers,1%21% chemical or photoreduction in micelles

have been reported for the preparation of metal nanoparticles.*%1%

The stabilizers for synthesizing nanoparticles play an important role in controlling nano size,
shape, and morphology. Various supports/stabilizers like mesoporous solids, organic ligands,

polymers, carbon materials, etc., are reported.'-1® Montmorillonite clay is one of the commonly
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suitable supports where metal nanoparticles can be stabilized within the interlayer spacing or into the
pores on the surface.!*’12° |dentifying a suitable support material for metal-catalyzed heterogeneous
catalytic reactions has been a vital study area over decades. Recent awareness in the intercalation
chemistry of smectite clays has generated a lot of interest in these minerals as catalysts®® 2! and

support materials for transition metals or metal complexes.121%

Interestingly, clays provide the same effect as that of zeolites to synthesize transition and
noble metal nanoparticles. The clay mineral interlamellar space serves as a perfect nanophase reactor
due to the swelling property and absorption capacity. Thus, size quantized nanoparticles of
catalytically active noble metals can be generated in these clay minerals.t?*3 Clay mineral
properties such as swellability and ion exchangeability allow for easy ion exchange of bulky organic
cations and simultaneous intercalation of metal atoms in the interlamellar space. The generation of
metal nanoparticles in the clay mineral interlamellar space was a favorable method for synthesizing
well-dispersed metal particles in nm size. These noble metal-containing clay catalysts played a
significant role in the studies of heterogeneous catalytic hydrogenation reactions where clay minerals
support the metal catalysts.*11*® Pd intercalated montmorillonite has been synthesized via the
stabilization of Pd nanoparticles in surfactant micelles followed by the intercalation into
montmorillonite. Catalysts synthesized by such a method have been used as catalysts in the

hydrogenation of various alkenes and alkynes. 34136

The selective hydrogenation of only C-O bond in the presence of C=C bond of a, B-
unsaturated aldehydes has been a significant challenge in the hydrogenation of carbonyl compounds.
Often, either the C=C double bond hydrogenates yielding saturated aldehydes or double bonds
hydrogenate, yielding saturated alcohols. Therefore, obtaining high selectivity towards the
unsaturated alcohol with high conversion is a challenge. Gyorgy Szollosi reported a 70% selectivity
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of cinnamyl alcohol through the hydrogenation of cinnamaldehyde at 4 bar hydrogen at room

temperature over a Pt (5 wt.%) impregnated montmorillonite catalyst.**’

Ir(0)-nanoparticles (Ir-NPs) were synthesized into the nanopores of modified
montmorillonite clay by incipient wetness impregnation of the IrCls followed by reduction with
ethylene glycol. Increasing the montmorillonite clay’s surface area was achieved by acid treatment,
improving the clay surface to act as a host for the metal nanoparticles. The Ir-NPs showed efficient
catalytic activity in aromatic ring hydrogenation under solvent-free conditions with maximum
conversion up to 100%. The catalyst was easily separated by simple filtration and remained active

for several runs without significant catalytic efficiency loss.'*®
1.10 Halloysite Nanotube Mineral Clay

Much of the research concerning clay minerals is devoted to kaolinite, montmorillonite, and illite.
In recent years, halloysite nanotubes (HNTS), a 1:1 dioctahedral natural clay mineral with a unique
tubular nanostructure, large aspect ratio, biocompatibility, and high mechanical strength, has arisen
as a promising nanomaterial for a variety of applications. Halloysite was first named by Berthier
(1826).1% Raw halloysite is mined from natural deposits, which are then easily ground into a white
powder. Halloysite occurs widely in both weathered rocks and soils, especially in wet tropical and
subtropical regions and weathered igneous and non-igneous rocks.4%42 Many countries, such as
China, France, Belgium, and New Zealand, have deposits of HNTs. Each deposit is characterized by
(i) different purity grades. (ii) hydration states and (iii) characteristic of sizes and shapes. The
majority of the natural halloysite clay usually exists with some impurities, such as kaolin, illite,
quartz, feldspar, chlorite, gibbsite, salts, and metals. Chemical analysis of many halloysite samples
revealed significant amounts (up to 12.8 wt.%) (Fe20s). These findings could be ascribed to the

associated Fe oxides such as hematite or maghemite.**3-14¢ A halloysite sample from a Serbia deposit
37



was found to have (Cr.0s) content varying from 1.96 to 12 wt.%. Small amounts of Ti are also
commonly found on the halloysite.**” Halloysite sizes depend on its specific geological deposit, as
reported in the literature based on microscopy*® and scattering techniques.*® Typically, the inner
diameter, outer diameter, and length of HNTs are 1-30 nm, 30-50 nm, and 100-2000 nm,

respectively. The typical morphologies of HNTSs are shown in Figure 5148150

Figure 5. TEM Image of tubular halloysite nanoscroll.

The particles of halloysite can adopt various morphologies, the most common of which is the
elongated tubule. However, short tubular, spherical, and platy particle shapes have all been widely
reported**314¢ The tubular structure is caused by lattice mismatch between adjacent silicon dioxide
and aluminum oxide layers**® 15! The external and internal diameters are between 60—300 and 10—

60 nm, respectively Figure 6
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Figure 6. Halloysite nanoscroll.
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The interlayer distance is 1 or 0.6 nm, depending on the hydration state of the halloysite. The
tubules may be extended and thin, short, and stubby, or emerging from other tubes. Tubular halloysite
is commonly derived from crystalline minerals, such as feldspars and micas.'®* Formation from
micas generally involves crystallization from solution rather than a topotactic alteration. It has also
been suggested that the tubular morphology could result from the deformation of platy kaolinite.

Table 2 Summarizes the characteristics of halloysite nanotubes.
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Table 2: Physical properties of halloysite nanotubes.

Physical Property Value
HNTs characteristic surface area 65 m? /g
HNTs aperture volume 1.25 mL/g
Halloysite specific gravity 2.53 g/cm?®
Refractive index of halloysite 1.54
HNTSs internal lumen diameter 15 nm
HNTs mean tube diameter 50 nm

The molecular formula of HNTSs is Al2Si2Os(OH)4-nH20, where n represents hydration or
dehydration. HNTs are hydrated when n equals two and are dehydrated when n equals zero. The
hydrated halloysite has a basal (doo1) spacing of 10 A, which is ~3 A larger than that of kaolinite.
Because the interlayer water is weakly held, halloysite (10 A) can readily and irreversibly dehydrate
to give the corresponding halloysite (7 A) form.'>2 Therefore, it is challenging, if not impossible, to
handle halloysite (10 A) without inducing some alteration in its hydration status. The ability of
halloysite to hydrate has always been the feature that distinguishes halloysite from kaolinite. The
interlayer water content of halloysite (10 A) is ~12.3 wt.%, corresponding to two water molecules
per formula unit. In 1990 Bailey proposed that the interlayer water in halloysite (10 A) is associated
with exchangeable cations that balance the layer charge from some substitutions of AI3* for Si** in
the tetrahedral sheet.!> The presence of interlayer water may be explained in terms of water activity
as proposed for kerolite. This fine-grained phyllosilicate is characterized by extreme layer-stacking

disorder, a small, if any, negative charge, and a remarkable ability to hold water molecules. Most of
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the water associated with kerolite is weakly bound to layer surfaces and edges, only a minor amount
being more strongly bound within the interlayers.®® Hendricks & Jefferson (1938) and Brindley
(1961) proposed that the interlayer water molecules in halloysite (10 A) form hydrogen bonds with
(1) one another, (ii) oxygens of the siloxane plane, and (iii) hydroxyls of the (opposite) aluminol
plane. Halloysite (10 A) dehydrates continuously, stabilizing at a basal spacing near 7.2 A. This is
because halloysite (10 A) is more disordered, and the two types of water are not distinguished. This
model would explain the dynamic properties of interlayer water in halloysite (10 A).2® 157 In 1999,
Smirnov & Bougeard have made a molecular dynamics study of water structure concerning the
silicate layers in halloysite.?®® In 1982 Costanzo identified two types of water: (i) “hole water”
adsorbed on the clay surface and characterized by two different main orientations, and (ii) “associated

water” or ice-like configuration forming an intermediate water layer in the halloysite interlayer.t®

161

1.11 Applications of Halloysite Clay

Until recently, the main application of halloysites was an alternative raw material to kaolinite for
ceramics'®? However, since then, there has been an exponential increase in the applications of
halloysite nanotubes. Halloysite is used as a support template in various reactions because of the

following:

e Halloysite has predefined tubular geometry and diameter, which efficiently allows the
entrance and exit of molecules with specific sizes; this further caters to the catalyst’s shape

and size selectivity.

e Halloysite has higher reactivity and higher cationic exchange capacity as compared to other

clays.
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e Halloysite improves the catalytic activity of molecular species by enhancing the separation
of substances from reaction media. These features of halloysite make them attractive

candidates for support usage for catalyst design.

The readily available and relatively cheap nanotubular forms of halloysite have potential uses as
nanocomposites with catalyst immobilization, polymerization, drug delivery, and environmental

remediation.t°0: 163, 164

Halloysites have great qualities that can be utilized for immobilization. Silver (Ag)
nanoparticles were immobilized onto the HNTs by reducing AgNO3 by the polyol process. These
immobilized matrices of Ag nanoparticles were used to reduce aromatic nitro compound, 4-
nitrophenol (4-NP), in the presence of NaBHj4 in alkaline aqueous solutions.%°1%° Recently, HNTs
have been used to support the ammonia decomposition reaction by immobilizing Ru nanocatalysts
on HNT support and exploring their potential application in catalysis reactions.}’® HNTs are being
used as support catalysts in Au/HNTs with extremely low metal loadings. Nanosized gold has been
beneficial in the catalytic performance for the selective oxidation of cyclohexene using molecular
oxygen in a solvent-free system.’* 12 The immobilization of enzymes such as laccase, glucose
oxidase, lipase, and pepsin into halloysite clay nanotubes provided enhanced biocatalysts in

nanoconfined conditions.”

Halloysite is being used for polymerization to facilitate catalyst recovery and recycling.
Cationic polymers such as polyvinyl pyrrolidone and chitosan crosslinked with glutaraldehyde bind
to halloysite. It can be used to achieve delayed-release. Polyvinyl alcohol*™, chitosan'’®, pectins'’®,
hydroxypropyl cellulose!’’, polyethylene glycol (PEG)*"® can be mixed with HNTs solution and cast
to form nanocomposite films. HNT alginate nanocomposite gel beads can be prepared by mixing the

HNTs in water and crosslinking them using calcium ions.1’® Latex rubber can also be combined with
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HNTs, and a co-coagulation process can be utilized to prepare HNTs-rubber nanocomposites.
These nanocomposites exhibit significantly enhanced properties, especially mechanical ones. The
potential applications of the HNTs-polymer nanocomposites include high-performance plastics for
use in structural and packing materials, flame retardant rubber/coatings, and biocompatible materials,
such as tissue engineering scaffold and drug delivery vehicle. The goal of drug delivery is to deliver
the controlled amount of drug at the target site at a predefined rate. Halloysite has been recognized
as a carrier for the delivery of cationic agents either by chemisorption or entrapment.'®? Recently,
HNTs have been used for sustained delivery of drugs.’®! Clay minerals offer dispersions below
micron level in aqueous media. Entrapment of drug molecules in the nanoparticulate system is a
helpful strategy for protecting drugs against enzymes and chemicals and hence reduces the
dissolution rate. Numerous medications, such as tetracycline, khellin, and nicotinamide adenine
dinucleotide, have been loaded into HNTSs by soaking in a saturated drug solution under vacuum.82

Due to characteristics such as nanoscale lumens, high length-to-diameter (L/D) ratio, low
hydroxyl group density on the surface, etc., HNTs have been focused on by researchers recently, as
indicated by the rapid growth in related publications. Scientists and engineers have discovered and
developed an extensive range of exciting new applications for these unique, cheap, and abundantly
available naturally occurring clays with nanoscale lumens. Numerous aspects of the preparation and
the catalytic application of these systems warrant a deeper investigation and action. The ever-
improving abilities of ‘nanoarchitecture’ at a molecular level will provide chemists, in the following
years, with new tools to design and construct ideal catalysts for desired reactions rather than adapt

existing catalysts according to a traditional trial-and-error approach.\
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Chapter 2

Halloysite Catalyzed Esterification of Bio-mass Derived Acids
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2.1 Abstract

Halloysite, a natural clay with a hollow tubular structure, was studied as a catalyst for the
esterification of biomass-derived carboxylic acids (levulinic acid, fumaric acid, maleic acid, and
succinic acid) with four different alcohols (MeOH, EtOH, n-PrOH, and n-BuOH). Reaction
conditions were optimized (10 mol% halloysite, 170 °C, 24 h) and gave high yields of the
corresponding esters and diesters (> 90%). The halloysite was easily recovered and recycled after

washing and drying.

59



2.2 Introduction

2.2.1 Biobased Products

Currently, most consumable energy and chemicals are produced from limited fossil fuel-based
resources. All developed countries are dependent on these depleting fossil fuels for the production
of approximately 80% of their energy and 90% of their chemicals.! The large-scale production and
use of these fossil fuels have negatively impacted the environment due to the emission of harmful
greenhouse gases and toxic materials. With a growing world population, the demand for energy
and chemicals increases exponentially; consequently, the amount of waste generated from energy
and chemical production is also growing. Case-in-point, the United States generated
approximately 258 million tons of municipal solid waste (MSW) in 2014. Approximately 35% of
the MSW can be recycled/composted, 13% of it can be utilized for the generation of energy
through incineration processes, and about 53% of MSW is discarded into landfills (U.S. EPA
2016). It is imperative to identify alternative resources to produce energy and chemicals to meet the
increasing demands on finite fossil fuels and minimize the environmental impact of refining-to-
consumption processes. Biomass has been identified as a viable renewable resource for the
production of chemicals and energy while also reducing generated waste. Although biomass
derives from natural resources, it can also be obtained from various waste sources, such as (i)
agricultural waste (corn stover, rice husk, and sugar cane bagasse); (ii) municipal solid waste

(MSW); and (iii) industrial waste from pulp and paper mills.

Biomass waste valorization is exceedingly essential for resource recovery within an
integrated waste management approach.? Nearly all wastes currently have some value biomass-

derived byproduct for which supply vastly exceeds demand. For example, glycerol can be a
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valuable chemical, but it is being generated in increasing quantities by the biodiesel industry and
could become a “waste.” By applying even a crude valorization analysis, glycerol's conversion to
the chemical epichlorohydrin is economically attractive compared to the alternatives. This
conversion's value is three times that of conversion to transportation fuel and ten times that of
burning to generate electricity.® In the longer term, glycerol could become a platform molecule
leading to many different fine chemicals. Still, the establishment of such platforms will require a
much more mature bio-based chemical industry.? A biorefinery, which utilizes renewable biomass
as a feedstock resource, may offer a more sustainable solution for the conversion of harvested and
waste biomass into platform chemicals.* A biorefinery could also bring about sustainable growth
and environmental advantages by reducing overall greenhouse gas emissions (NREL) and air

toxins.

The concept of biorefinery evolved in the late 1990s. The US Department of Energy defines
a biorefinery as an overall concept of a processing plant where biomass feedstocks are converted
and extracted into a spectrum of valuable products.® The International Energy Agency (IEA)
Bioenergy Task 42 defines a biorefinery as “the sustainable processing of biomass into a spectrum
of marketable products (food, feed, materials, chemicals) and energy (fuels, power, heat).”
Therefore, a biorefinery can be a facility, a process, a plant, or a cluster of facilities for the
conversion of biomass. ® Furthermore, a biorefinery can be assimilated to a petroleum-based
refinery. In the petroleum-based refinery process, fossil-based resources, such as oil and natural
gas, produce energy and chemicals. In a biorefinery, biomass is used as the feedstock to produce

energy and chemicals. 68

There are two strategic goals for biorefinery development. An energy goal, which is the
substitution of imported petroleum in favor of renewable domestic raw materials.® The second goal
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is an economic goal, which is to create a robust biobased industry. The energy goal is addressed by
the current effort on EtOH, biodiesel, and advanced biofuel production (butanol, algal biodiesel,
etc.) to replace a portion of a large amount of transportation gasoline and diesel used annually in
the US. For example, algal oil holds excellent promise as a biodiesel source. Still, it remains a
long-term opportunity for developers to identify additional revenue streams to cover the high cost
of growing and processing algal biomass for oil recovery.'® The cost of bio-based production in
many cases exceeds the cost of petrochemical production. New products must also be proven to
perform at least as well as the petrochemical equivalent they are substituting and have a lower
environmental impact. The recent climb in oil prices, the consumer demands for environmentally
friendly products, population growth, and limited supplies of non-renewable resources have now
opened windows of opportunity for bio-based chemical production from renewable resources as an
attractive investment area. Around the world, small but discernable steps are being taken to move
from today’s fossil-based economy to a more sustainable economy based on the greater use of

renewable resources. The transition to a bio-based economy has many drivers:
e An over-dependency of many countries on fossil fuel imports

e The anticipation that oil, gas, coal, and phosphorous will reach peak production in the near

future
e The need for countries to diversify their energy source
e The global issue of climate change
e The need to reduce the emission of greenhouse gases

e The need to stimulate regional and rural development
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The return on investment in biofuel-only processes presents a significant barrier to
achieving the biorefinery’s economic goal. Industries need a financial incentive to justify the use of
unfamiliar building blocks, the development of processes to convert these building blocks to final
products, and the capital investment needed to take the technology to commercial scale. High-
value, lower-volume biobased chemicals provide this incentive.® !t A promising approach to
reduce biofuel production costs is to use biofuel-driven biorefinery to co-produce both value-added
products (chemicals, material) biofuels from biomass resources in a very efficient integrated
approach. The added value of the co-products makes it possible to produce fuels at the market
competitive cost at a given biomass resource price. The cost was shown to be reduced by at least
30% using the biorefinery approach.® Integrating higher-value chemical/material co-products into
the biorefinery’s fuel and power output will improve all energy-related product's overall
profitability and productivity of all energy-related products. Increased profitability makes it more
attractive for new biobased companies to contribute to our domestic fuel and power supply by
investing in new biorefineries. Increased productivity and efficiency can also be achieved through
operations that lower the overall energy intensity of biorefinery unit operations; reduce overall
carbon dioxide emissions; maximize the use of all feedstock components, byproducts, and waste
streams; and use economies of scale, common processing operations, materials, and equipment to

drive down production costs.
2.2.2 Platform Chemicals

Platform chemicals are defined as a chemical that can serve as a substrate for the production of a
variety of higher value-added products. Biorefinery is not a new concept; many traditional users of
biomass, sugars, starch, and pulp industries run biorefineries today. However, it is the rapid
expansion in biofuel production and the need to derive value from all the co-products driving
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modern biorefinery development. Sustainability is the main driver for the establishment of
biorefineries. Biorefinery development can be designed for environmental, social, and economic
sustainability, impacting the full product value chain. Within the bio-based economy and operation
of biorefinery, there are significant opportunities for the development of bio-based chemicals and
polymers. Biorefineries can be classified based on a number of their key characteristics. These
feedstocks can be processed to a range of biorefinery streams termed platforms. These platforms
include single carbon molecules such as biogas and syngas, 5- and 6-carbon carbohydrates from
starch, sucrose, or cellulose; a mixed 5-and 6-carbon carbohydrates stream derived from
hemicelluloses, lignin, oils (plant-based), and organic solutions from grasses. Six-carbon sugar
platforms can be accessed from sucrose or through starch or cellulose hydrolysis to give glucose.
Glucose serves as feedstock for (biological) fermentation processes providing access to various
essential chemical building blocks. Six- and five-carbon platforms are also produced from the
hydrolysis of hemicelluloses. They can also undergo selective dehydration, hydrogenation, and
oxidation reactions to give useful products, such as sorbitol, furfural, glucaric acid,

hydroxymethylfurfural (HMF), and levulinic acid. °
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Scheme 1. Six- and five-carbon chemical platforms.
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Biorefinery classification includes:
C6 sugar biorefinery yielding ethanol and animal feed from starch crops
Syngas biorefinery yielding FT-diesel and naptha from lignocellulosic residues

C5 and C6 sugars and syngas biorefinery yielding ethanol, FT-diesel, and furfural from

lignocellulosic crop

In 2004, the Department of Energy (DOE) identified 12 chemical building blocks from
biomass as potential platform chemicals.'? In 2010, the DOE updated the Platform Chemical List
(Bozell and Petersen 2010), including ethanol, furfural, hydroxymethylfurfural, 2,5-furan
dicarboxylic acid, glycerol, isoprene, succinic acid, 3-hydroxy propionic acid/ aldehyde, levulinic
acid, lactic acid, sorbitol, and xylitol. All these identified platform chemicals, except glycerol and

isoprene, can be produced from biomass-derived carbohydrate sources.*? By developing a list of
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specific structures, the report embraced product identification to guide research. The targets
reflected a methodology that included known processes, economics, industrial viability, size of
markets, and a compound's ability to serve as a platform for derivatives production. The evaluation

led to the identification of the products shown in Table 1.

Table 1. The DOE top chemical opportunities from carbohydrates, 2010.

Ethanol

Furans

Glycerol and derivatives
Biohydrocarbons

Lactic acid

Succinic acid

Hydroxypropionic acid/aldehyde
Levulinic acid

Sorbitol

Xylitol/arabinitol

Levulinic acid and succinic acid (including the unsaturated analogs fumaric acid and maleic
acid) have been identified as among the top 10 value-added chemicals derived from biomass.®
Levulinic acid and succinic acid derivatives have broad applications as chemical building blocks
for fine chemicals. ° ** Biomass-derived succinates have been used as monomer precursors for
polyether synthesis, while levulinate esters have been employed as octane boosters for gasoline and

extenders for diesel fuel.13-1°
2.2.3 Succinic Acid

Succinic acid is currently a high-volume specialty chemical produced by catalytic hydrogenation of
petrochemical maleic acid or anhydride. It is a widely investigated chemical building block

available from a biochemical transformation of biorefinery sugars.?’ Succinic acid offers strong
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potential as a platform chemical. Succinate esters are precursors for known petrochemical products
such as 1,4-butanediol (BDO); BDO is currently produced from acetylene or propylene oxide
market size nearly 1 million tonnes. It serves as a raw material for a range of essential chemicals,
including polymer polybutylene terephthalate (PBT) and polybutylene succinate (PBS).
Approximately 40% of BDO is consumed in tetrahydrofuran (THF) products obtained by
homogeneous dehydration of BDO. THF is a solvent for poly(vinyl chloride) (PVC). It is used as a
monomer in the manufacture of polytetramethylene glycol, which is used as an intermediate for
Spandex fibers and polyurethanes.?* Approximately Succinate esters are also precursors for the
production of y-butyrolactone and various pyrrolidinone derivatives.?* A recent publication
describes succinic acid conversion into a new polyester for coating applications upon
polymerization with isosorbide, a renewable building block also available in high yield from
glucose.?? The production of succinic acid has attracted several industry players. The market
potential for succinic acid and its direct derivatives has been projected to be as much as 275,000
tonnes per year, with an estimated market size for succinic acid-derived polymers being as high as
25 million tonnes per year.?® The use of succinic acid as a platform chemical is summarized in

Figure 1
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Figure 1. Succinic acid as a platform chemical.
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2.2.4 Levulinic Acid

Levulinic acid is of interest as a primary biorefinery building block and platform chemical because
of its simple and relatively high yield production from the acid treatment of C6-carbohydrates in
lignocellulosic biomass via hydration of HMF, an intermediate in this reaction. It is also possible to
obtain levulinic acid from the C5 carbohydrate in hemicelluloses (via furfuryl alcohol) after the
acid treatment.® Levulinic acid contains two reactive functional groups that allow many synthetic

transformations shown in Figure 2



Figure 2. Formation and transformation of levulinic acid.
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2.2.5 Heterogeneous Acid Catalyst for Esterification

Heterogeneous catalysis has been widely discussed in recent years as a more viable industrial
process than homogeneous catalysis to produce biodiesel by transesterification and esterification
reactions. Heterogeneous catalysts usually solve various problems associated with homogeneous
media and add advantages such as lower toxicity, the possibility of catalyst recovery and

recyclability, minimized corrosion capacity, ease of handling, and separation from the reaction
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medium 2+, For these reasons, heterogeneous catalysts are often called “environmentally
friendly” 2°. Within heterogeneous catalyst technologies, raw and modified clay minerals are
already widely employed in many industrial processes due to their favorable properties, such as
catalytic efficiency (often displaying product-, regio- or shape-selectivity), low cost, wide
availability, ease of preparation, and high thermal stability.?-*° However, the great majority of
these processes use cationic exchanged clay minerals of the 2:1 group and derivatives, which
usually present higher activities and catalyze a broader range of reactions than other clay
minerals.3! 32 The use of 1:1 group clay mineral as catalysts has been mostly restricted to kaolinite.
Kaolinite use has been limited, serving as a support to the actual catalysts or as a precursor to other
catalytic ceramic materials or zeolites.?® The lack of use of halloysite as a catalyst in organic

reactions is no exception, and references to its use are scarce.>*3

Esters of levulinic and succinic acid can be readily prepared by various esterification
methods from simple alcohols catalyzed by homogeneous and heterogeneous acid catalysts.
Mineral acids are cost-effective homogeneous catalysts that produce alkyl levulinates and dialkyl
succinates in high yields. However, heterogeneous acid catalysts offer the advantages of easy
removal from the reaction media, facilitating product purification and catalyst recyclability.
Therefore, various solid acid catalysts derived from many chemically modified solid supports have
been investigated as catalysts for this conversion.>#* Different zeolites (HUSY, HBEA, HMOR,
HZSM-5, HMCM-22) and sulfated oxides (SnO, ZrO., Nb,Os, TiO2) have been reported as
catalysts for the esterification of levulinic acid with bio-ethanol.*® A novel method for producing
sulfonated mesoporous silica—carbon composites made up of a thin layer of carbon with a high
density of SOsH groups covering the internal surface of the pores of three types of mesoporous

silica and their successful application as solid acid catalysts in the esterification of several organic
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acids (i.e., maleic anhydride, succinic acid, and oleic acid) with ethanol was reported in the
literature.®” Sulfonic mesoporous silicas have demonstrated outstanding catalytic performance in
the esterification of levulinic acid with different alcohols to produce alkyl levulinates.®
Nanohybrids such as Si(Et)Si-Pr/ArSOzH were applied in the synthesis of alkyl levulinates from
the esterification of levulinic acid and ethanolysis furfural alcohol.*® A series of heteropoly acid
and ZrO> biofunctionalized organosilica nanotubes (PW12/ZrO»-Si(Et)Si-NTs) were fabricated and
were applied in the synthesis of alkyl levulinates by esterification of levulinic acid and ethanolysis
of furfuryl alcohol, and the obtained excellent catalytic activity was explained in terms of the
strong Bransted and Lewis acidity, unique hollow tubular nanostructure, and hydrophobic surface
of the hybrid nanocatalysts.*! lon exchange resins were also shown to exhibit good catalytic
activity for the esterification of levulinic acid with butanol.*> Many other solid acid catalyst were
shown to exhibit good catalytic activity for the esterification reaction of levulinic acid with short-
chain alcohols such as sulfonated carbon catalysts, Amberlyst-15 (ion-exchange resin consisting of
macroreticular polystyrene with a strong acidic sulfonic group), SAC-13 (SiOs-supported Nafion),
mesoporous silica (SBA-15) functionalized with alkyl sulfonic acid groups, zeolite Beta, and HY

zeolite.®3
2.2.6 Halloysite Nanoscroll

Halloysite (Hal) is a natural 1:1 aluminosilicate clay commonly found in weathered rocks and soil.
The clay is chemically similar to kaolinite; however, it is commonly found as a hollow tubular
nanostructure.*® Figure 3. Since aluminosilicate chemistry is generally not toxic and is
exceptionally durable, halloysite has many chemical process advantages.*> 6 Studies have shown
that halloysite has high biocompatibility and high thermal stability, making it much safer to work
with than Bronsted or Lewis acids. Also, due to its abundance, halloysite is easily obtained, cheap,
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and even reusable.”® A recent study demonstrated the effectiveness of halloysite as a catalyst for
converting lauric acid to corresponding methyl laurate and ethyl laurate esters.*” With a conversion
rate of over 90% for ester formation and an optimum catalyst loading of 12% (w/w), it was of
interest to explore this clay's scope, and utility for the development of sustainable conversions of
bio-mass derived substrates into fine chemical building blocks and fuel additives. Therefore, as
part of an ongoing study in our labs to develop halloysite-based materials, we sought to explore the

use of raw halloysite as an esterification catalyst to prepare several critical bio-mass-derived esters.

Figure 3. Halloysite nanoscroll.

internal diameter
(10-40 nm)

{

\\V
‘Vmagnification

Halloysite Nanoscroll

N\
\

72



2.2.7 Esterification of Fine Chemicals

Esterification reactions are commonly used in industrial processes. The ester products are primarily
used as solvents, plasticizers, synthetic food odorants, scents, and precursors for various
pharmaceuticals, agrochemicals, and other compounds.*® In recent years, these reactions have
gained importance due to fossil fuel production from renewable energy sources, especially as an
alternative for fossil diesel. The esterification process consists of a reaction between a carboxylic
acid and an alcohol in the presence of a catalyst to obtain the corresponding esters*® 4
Traditionally, strong Brgnsted acids like H.SO4 are used as homogeneous catalysts in the
esterification reaction,>. Still, there are significant disadvantages (such as toxicity, corrosion, and
environmental problems) that show why it is replaced by a heterogeneous catalyst such as an acid

clay.

A significant source of waste in the (fine) chemicals industry is derived from the
widespread use of liquid mineral acids (HF, H2SOa) and various Lewis acids. They cannot easily be
recycled and generally end up, via a hydrolytic workup, as waste streams containing large amounts
of inorganic salts. Their widespread replacement by recyclable solid acids would afford a dramatic
waste reduction. Solid acids, such as zeolites, acidic clays, and related materials, have many
advantages in this respect®:-3* They are often truly catalytic and can easily be separated from liquid
reaction mixtures, obviating the need for hydrolytic work-up, and recycled. Moreover, solid acids
are non-corrosive and easier (safer) to handle than mineral acids such as HSO4 or HF. Solid acid
catalysts are, in principle, applicable to a plethora of acid-promoted processes in organic

synthesis.3!-3
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2.3 Results and Discussion

2.3.1 Halloysite Esterification of Platform Carboxylic Acids

Initially, the esterification of levulinic acid with methanol to form methyl levulinate was explored
with commercially available raw halloysite. This system was used to identify optimized molar
ratios for the reactants/catalyst and identify optimized reaction conditions (°C, h) due to the ease by
which simple TLC could monitor the reaction. The product could be isolated and characterized by
NMR. The molar amount of the halloysite used in the reaction was based upon the unit cell of
Al>Si205(0H)4-2H20 (MW 294.19). In a typical reaction, the acid, alcohol, and halloysite were
combined in a sealed stainless steel reaction vessel and heated to an elevated temperature in a
silicon oil bath. The reaction vessel was then allowed to cool, and the product ester was isolated
and characterized. An optimum molar ratio of acid:alcohol: halloysite of 1:24:0.1 was ideal for the
easy handling of the reaction slurry. Although the esterification could be successfully executed
with lower alcohol (1:12:0.1) concentrations, less alcohol gave poor dispersion of the halloysite. It
made isolation of the product and the recovery of the halloysite more difficult. Alternatively,
increasing the amount of halloysite did not significantly improve the yields of the ester. As
summarized in Table 2, temperature and time seemed to affect the ester yields significantly.
Consistent with the earlier report, the high temperature was required to drive the halloysite
catalyzed esterification to completion. Our system found it necessary to heat the reaction vessel in
an oil bath set to 170 °C. A reaction time of 24 h gave the maximum acid conversion and product

yield (99%), while shorter reaction times led to incomplete conversion of the acid.
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Table 2. Optimization of esterification conditions for levulinic acid in methanol.

J 7
CH3OH
COH H3a| g )K/\COZCH\?
(10 mol%)
Entry T (°C) t(h) yield (%6)?2
1 150 24 30
2 150 48 48
3 150 72 46
4 160 48 68
5 160 72 66
6 170 12 72
7 170 24 99

3solated yields.

With optimized conditions established for levulinic acid in methanol, the esterification of
levulinic acid with other short-chain alcohols (EtOH, n-PrOH n-BuOH) was investigated (Table
2). Using the optimized conditions established for the methyl ester, the yields of the corresponding
ethyl, n-propyl, and n-butyl levulinates were nearly quantitative. Moreover, the esters exhibited a
high degree of purity with little more than filtration required for work-up. This procedure's success
prompted a further investigation to confirm halloysite catalyzed esterification as a viable method
for converting other biomass-derived acids into esters. As summarized in Table 2, methyl esters of

the C6-carbohydrate-derived succinic acid and fumaric acid could be prepared using the optimized
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conditions in high yields. In a similar fashion to levulinic acid, the dimethyl esters of succinic acid
and fumaric acid were obtained in 96% and 92% yield, respectively. The alcohol concentration was
maintained for the diacids, and the same molar ratio of diacid:alcohol: halloysite (1:24:0.1) was
used. As with levulinic acid, the diacids were readily converted into the corresponding dimethyl,
diethyl, di-n-propyl, and di-n-butyl succinates and fumarates in excellent yield and purity. These
conditions were also suitable for converting the cis-isomer, maleic acid, into dialkyl maleates in
90-95% yield.>! It was notable that the carbon double bond’s isomerization to give the trans

fumarate esters was not observed despite the elevated temperature.
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Table 3. Biomass-derived esters and diesters.

R'OH

RCOH , RCOR'
Hal (10 mol%)
170°C, 24 h
ester R', yield (%0) 2
acid Me Et n-Pr n-Bu

)OJ\A

COH 99 (99)° 99 97 99
levulinic acid (63)° (99)°

(48)
diester R', yield (%0)?2
diacid Me Et n-Pr n-Bu
HOZC\/\COQH
succinic acid 96 99 94 95
(99)°
HO2C o m
fumaric acid 92 99 94 98
(95)°
7 COH
CO.H
91 95 90 92

maleic acid

8solated yield.

blsolated yield of 100 mmol scale reaction.
¢Isolated yield; reaction with kaolinite.

d1solated yield; reaction with montmorillonite.
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The halloysite used in this study has origins from geological deposits at Dragon Mine, Utah
(purchased from Sigma Aldrich). The morphology of this polydispersed nanoclay has been well
characterized and reported to be 90% halloysite, with the remaining 10% of the material consisting
of kaolinite, quartz, and gibbsite.>? As a catalyst, this halloysite was found to be durable and
chemically robust. It was superior to other clay catalysts like kaolite>® and montmorillonite>,
which under the same conditions gave inferior yields of methyl levulinate (< 65 %, Table 2). The
halloysite could be recovered from the reaction mixture by simple vacuum filtration and reused
without activity loss. There was no apparent structural change to the halloysite after the
esterification reaction. Based upon XRD profiles (Figure 4a), the positions of the indexed basal
reflections (001, 002, and 003) of the raw halloysite (7.23 A, 3.59 A, and 2.33 A) remained
unchanged in the recycled halloysite (7.18 A, 3.57 A, and 2.34 A). These results were consistent
with the diffraction pattern of the dehydrated form of halloysite (7 A-form) instead of the clay's
hydrated structure (10 A-form)® Further visual inspection of the raw and recycled materials by

TEM (Figure 4b) revealed no apparent change to the catalyst's tubular structure of the catalyst.

As illustrated in Figure 5, recycling studies with halloysite showed that the catalyst could be
cycled through at least six consecutive esterification reactions with no loss of activity and excellent
isolated yields of the methyl levulinate in each trial. In these studies, the halloysite was collected
by vacuum filtration and washed with the corresponding alcohol used in the esterification. The
recovered clay was then further rinsed with deionized water and dried at 120 °C overnight. This
afforded the recovered halloysite as a free-flowing powder that would be used in subsequent
reactions. Using this recovery method, the halloysite could be used in different reaction systems

with no observed esters' cross-contamination.
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Figure 4. (a) XRD of raw halloysite (red) and recycled halloysite (blue).
(b) TEM image of raw halloysite. (c) TEM image of recycled halloysite.
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Figure 5. Halloysite recycling studies.
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To demonstrate further the utility of halloysite as a catalyst for the esterification reaction,
100 mmol-scale reactions were performed with levulinic acid, succinic acid, and fumaric acid with
selected alcohols. The scaled optimized conditions afforded the monoesters methyl and ethyl
levulinate in 99% yield. The diesters, diethyl succinate (99% yield), and dibutyl fumarate (95%

yield) were obtained in nearly quantitative yields.
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2.3.2 Halloysite Catalyzed Fischer Esterification of Aromatic and Non-Aromatic Carboxylic

acids

As part of this project’s focus, it was of interest to demonstrate the effectiveness of halloysite as a
Lewis acid (LA) catalyst for classical organic reactions. An investigation of raw halloysite for the

Fischer esterification reaction of fine chemicals was explored.

Figure 6: Fischer esterification.

RJ\OH + ROH LA RJ\OR'

Summarized in Table 4, it was demonstrated that raw halloysite could quite effectively promote
and catalyze the Fischer esterification of benzoic acid and phenylacetic acid in methanol to produce

the corresponding methyl ester.

81



Table 4: Optimization of halloysite using benzoic acid and phenylacetic acid in methanol

o i o
Aoy oromnea L
Entry R Halloysite loading Temp (°C) Time (h) | Ester (%)
(mol %)
1 Ph 100 150 3 58
2 Ph 100 150 6 60
3 Ph 100 150 24 64
4 Ph 100 150 48 70
5 Ph 50 150 24 50
6 Ph 50 150 48 54
8 Ph 20 150 48 48
9 Ph 10 150 48 64
10 Ph 10 150 72 53
1 Ph 10 160 48 58
12 Ph 10 160 72 57
13 Ph 10 170 48 78
14 PhCH, 10 150 48 49
15 PhCH, 10 150 72 43
16 PhCH, 10 160 48 68
17 PhCH, 10 170 48 95
18 PhCH, 10 170 72 92
19 Ph 10 reflux 24 NR
20 Ph 10 reflux 48 28
21 Ph 10 110* 25 6
222 Ph 10 150* 25 11

Using a molar equivalent of raw halloysite (100 mol%) afforded good methyl benzoate
yields (Table 4, entries 1-4). An extended reaction time of 48 h provided high yields of the ester

(70%, Table 4, entry 4), thus demonstrating the Lewis acid character of the raw halloysite. Further
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studies have shown that reducing the raw halloysite (Table 4, entries 5-14) still gave good yields of
the methyl benzoate (23-78%). The catalytic activity was found to be effective at loadings as low
as 10 mol %. Optimum catalytic conditions with 10 mol% halloysite was achieved at 170 °C to
furnish methyl benzoate in 78% yield (entry 14). It is noteworthy that conventional reflux or
microwave conditions did not give good yields of the methyl benzoate (entries 20-23). Application
of the optimized condition for the esterification of phenylacetic acid gave excellent yields of
methyl phenylacetate (95% entry 18). Similar to benzoic acid, lower reaction temperatures and
extended reaction times (> 48 h) led to diminished yields of methyl phenylacetate (entries 15-17).
Encouraged by the studies with benzoic acid and phenylacetic acid that demonstrated the
potential effectiveness of raw halloysite as a “Green Catalyst” for the Fischer esterification, the
scope and limitations of the reaction were further investigated using a series of structurally diverse

carboxylic acids and alcohols. These studies are summarized in Table 5-

Table 5: Esterification of aromatic and non-aromatic acids

(0]

i I
RTTOH 4+ pon _haloysite — o sop H,0
A
sealed tube
R = aryl or alkyl e
R' = Me, Et, Pr, Bu
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Entry Aromatic Acids Alcohol Ester (%0)
1 benzoic acid MeOH 77
2 EtOH 48
3 n-PrOH 43
4 n-BuOH 52
5 p-toluic acid MeOH 55
6 p-chlorobenzoic acid MeOH 55
7 2,3-dichlorobenzoic acid MeOH 54
8 EtOH 43
9 n-PrOH 33
10 n-BuOH 43
11 4-hydroxy-3-nitrobenzoic acid MeOH 53
12 EtOH 64
13 n-ProH 52
14 n-BuOH 43
15 nicotinic acid MeOH 47
16 EtOH 41
17 n-PrOH 43
18 n-BuOH 54
24 Phenylacetic acid MeOH 95
25 EtOH 98
26 n-ProH 92
27 n-BuOH 99
28 Lauric acid MeOH 97
29 EtOH 95
30 n-PrOH 88
31 n-BuOH 77
32 Palmitic acid MeOH 98
33 Oleic acid MeOH 64
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Halloysite was dried at 120 °C for 24 h before use to remove any residual surface absorbed
water. A 10 mmol% halloysite loading based on the acid gave the optimum yields of the
corresponding esters (Table 5). The halloysite-catalyzed Fischer esterification reaction proceeded to
completion under optimized conditions using various carboxylic acids and dicarboxylic acids.
Substituted aromatic acids gave a good yield of the corresponding aromatic ester. The substituents
on the aromatic ring seemingly did not affect the yield of the corresponding esters. Activating groups
(CH3s-, entry 5) and deactivating groups (4-Cl, and 2,3-Cl>-; entries 6 and 7) gave moderate yields of
the corresponding methyl esters. The heterocyclic nicotinic acid gave diminished yields compared
to benzoic acid. Halloysite proved to be a much more effective catalyst for the esterification of non-
aromatic acids. Phenylacetic acid and the fatty acids (lauric acid and palmitic acid, entries 24-32).

However, unsaturated ester of oleic acid was only obtained in 64% yield.

In general, the alcohol had little effect on the yield of the esters. Methyl ethyl, propyl, and
butyl esters were obtained in comparable yields for the same acid. Benzoic acid gave the highest
yield of the aromatic esters with methanol (77%), affording modest yields of the ethyl (48%), propyl

(43%), and butyl (52%). Non-aromatic acid, lauric acid, gave excellent yields of all the esters.

Halloysite recycling experiments were conducted to establish whether the catalyst could be recovered
and reused in subsequent esterification reactions. Table 6 summarizes that halloysite was used in a

five-cycle sequence with two different carboxylic acids without significant activity loss.
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Table 6: Recycling investigation.

carboxylic acid/alcohol cycle ester (%)
lauric acid/MeOH 1 97
2 95
3 95
4 94
5 95

2.4 Conclusion

In summary, we have shown that the natural clay, halloysite, is a cost-effective, highly efficient,
and easily recyclable catalyst for the esterification of biomass-derived carboxylic acids (levulinic
acid, fumaric acid, maleic acid, and succinic acid). The optimized reaction conditions (10 mol%
halloysite, 170 °C, 24 h) were scalable and represented a green process for preparing levulinate and
succinate esters. Halloysite, with its unique tubular nanostructure, exhibited remarkable chemical
reactivity superior to other clays. In addition, we have also shown raw halloysite solid catalyst was
an effective catalyst for the esterification of various carboxylic acids using a variety of different
carboxylic acid/alcohol systems. The raw halloysite catalytic activity was demonstrated for non-
aromatic acids, with exceptionally high isolated yields of the corresponding esters (>90%).
Halloysite was less effective with aromatic and unsaturated acids but still gave good yields. The

clay catalyst was easily recovered and reused with no loss of activity. Overall, the results indicate
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that halloysite has potential utility as a “Green Catalyst” for a broad scope of esterification

applications.
2.5 Experimental

25.1 Materials and Methods

All reactions were carried out in a stainless-steel reaction vessel suspended in a stirred silicon oil
bath. Halloysite clay was purchased from Sigma Aldrich (Source: Applied Minerals, Inc. Dragon
Mine, Utah USA) and was used without modification. All other chemicals were purchased from
Alfa Aesar, Sigma Aldrich, and VWR. All chemicals were used as received without further
purification or modification. Reaction mixtures were filtered prior to work-up using Fisherbrand™
filter paper, P2-grade [Porosity: Fine (particle retention: 1-5 um)]. *H NMR spectra were recorded
at r.t. in DMSO-de or CDCl3 0on a Bruker 400 MHz instrument operating at a frequency of 300
MHz for 'H NMR. H chemical shifts were referenced to the DMSO solvent signal (2.50 ppm) or
the CHClIs solvent signal (7.26 ppm). Halloysite XRD measurements were performed on Philips
X'Pert diffractometer utilizing Cu Ko radiation (A = 1.5418 A) and a curved graphite
monochromator at a voltage of 45 kV and a current of 40 mA. Halloysite TEM images were
obtained on a JEOL 2010 equipped with an EDAX genesis energy dispersive spectroscopy (EDS)

system, operated at an accelerating voltage of 200 kV and an emission current 109 pA.
2.5.2 'H NMR Characterization of Esters

The *H NMR spectra of the products of the halloysite catalyzed esterification reactions are shown
below to indicate the high purity of the compounds that were obtained with minimal work-up or
purification procedures. All the products are known compounds. *H NMR is shown below for each

entry to illustrate the purity of the sample. *H NMR spectra were identical to spectra in the Spectral
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Database for organic compounds. SDBSWeb: https://sdbs.db.aist.go.jp (National Institute of

Advanced Industrial Science and Technology)
2.5.3 General Procedure

To a clean, dry stainless-steel reaction pressure vessel was added the carboxylic acid (10.0 mmol),
alcohol (240 mmol), halloysite (0.249 g, 1.00 mmol), and a stir bar. The reaction vessel was sealed
and placed in an oil bath at 170 °C and allowed to stir for 24h. The reaction mixture was then
allowed to cool to room temperature for 30 minutes. The halloysite was filtered using vacuum
filtration. The halloysite filter cake was washed with alcohol (10 mL) and set aside for later use.
The alcohol from the combined filtrates was removed under reduced pressure. Saturated sodium
bicarbonate solution (10 mL) was added to the resulting oil residue, and the mixture was extracted
with EtOAc (3 x 20 mL). The combined organic portions were washed with brine, dried over
Na2SOyg, filtered, and the solvent was removed under vacuum to afford the ester (or diester) in pure

form as determined by *H NMR.
2.5.4 General Procedure: Large-Scale

To a clean, dry stainless reaction pressure vessel was added the carboxylic acid (100.0 mmol),
alcohol (2400 mmol), halloysite (2.50 g, 10.0 mmol), and a stir bar. The reaction vessel was sealed
and placed in an oil bath at 170 °C and allowed to stir for 24h. The reaction mixture was then
allowed to cool to room temperature for 30 minutes. The halloysite was filtered using vacuum
filtration. The halloysite filter cake was washed with alcohol (30 mL) and set aside for later use.
The excess alcohol from the combined filtrates was removed and recovered on a rotoevaporator
under reduced pressure. Saturated sodium bicarbonate solution (100 mL) was added to the resulting

oil residue, and the mixture was extracted with EtOAc (3 x 100 mL). The combined organic

88



portions were washed with brine, dried over Na>SOg, filtered, and the solvent was removed under

vacuum to afford the ester (or diester) in pure form as determined by *H NMR.

2.5.5 IH NMR Data for Biomass Derived Acids.

'H NMR is shown below for each entry to illustrate the purity of the sample. *H NMR spectra were
identical to spectra in the Spectral Database for organic compounds. SDBSWeb:

https://sdbs.db.aist.go.jp (National Institute of Advanced Industrial Science and Technology)
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methyl levulinate [624-45-3]
)WO\

0]
Pale yellow oil (1.29g, 99%)

IH NMR (300 MHz, DMSO-ds) &: 3.55 (s, 3H), 2.70 (t, J = 6.0 Hz, 2H), 2.42 (t, ] = 6.0 Hz, 2H)
2.08 (s, 3H).
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ethyl levulinate [539-88-8]
)J\/\H/O\/
0]

Pale yellow oil (1.43g, 99%)

IH NMR (300 MHz, CDCl3) 8: 4.12 (q, J = 6.6 Hz, 2H), 2.74 (t, ] = 6.6 Hz, 2H), 2.54 (t, ] = 6.6
Hz, 2H) 2.19 (5,3H), 1.25 (t, J = 6.6 Hz, 3H).
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n-propyl levulinate [645-67-0]
)WO\/\
o

Pale yellow oil (1.54¢g, 97%)

IH NMR (300 MHz, CDCls) §: 4.03 (t, ] = 6.6 Hz, 2H), 2.76 (t, J = 6.6 Hz, 2H), 2.57 (t, J = 6.6 Hz,
2H) 2.19 (5,3H), 1.63 (m, 2H), 0.93 (t, J = 6.6 Hz, 3H).
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n-butyl levulinate [2052-15-5]
)J\/\[(O\/\/

(0]
Pale yellow oil (1.71g, 99%)

IH NMR (300 MHz, CDCls) §: 4.07 (t, J = 6.6 Hz, 2H), 2.74 (t, J = 6.6 Hz, 2H), 2.56 (t, J = 6.6 Hz,
2H) 2.19 (s,3H), 1.60 (m, 2H), 1.36 (m, 2H), 0.92 (t, J = 6.6 Hz, 3H).
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dimethyl succinate [106-65-0]
0]

Pale yellow oil (1.40g, 96%)

IH NMR (300 MHz, CDCls) §: 3.49 (s, 6H), 2.63 (s, 4H).
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diethyl succinate [123-25-1]

\/ONO/\
(@]

Colorless oil ( 1.73g, 99%)

IH NMR (300 MHz, CDCl3) 8: 4.14 (q, J = 6.6 Hz, 4H), 2.62 (s, 4H), 1.25 (tJ = 6.6 Hz, 6H).
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di-n-propyl succinate [925-15-5]
/\/ONO/\/
0

Colorless oil (1.90g, 94%)

IH NMR (300 MHz, CDCls) &: 4.05 (t, ] = 6.6 Hz, 4H), 2.63 (s, 4H), 1.65 (m, 4H), 0.93 (t, J = 7.8
Hz, 6H).
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di-n-butyl succinate [141-03-7]

WONO/\/\

0
Colorless oil (2.2g, 95%)

IH NMR (300 MHz, CDCl3) 84.09 (t, J = 6.6 Hz, 4H), 2.62 (s, 4H), 1.60 (m, 4H), 1.37 (m 4H),
0.93 (t, J = 7.8 Hz, 6H).
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dimethyl fumarate [624-49-7]

0)

colorless oil (1.32g, 92%)

IH NMR (300 MHz, CDCls) §: 6.86 (s, 2H), 3.81 (s, 6H).
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diethyl fumarate [623-91-6]
\/ONO/\
0]

White crystalline powder (1.71g, 99%)

IH NMR (300 MHz, CDCls) §: 6.85 (s, 2H), 4.26 (q, J = 6.0 Hz, 4H), 1.31 (t, J = 6.0 Hz, 6H).
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di-n-propyl fumarate [14595-35-8]
/\/ONO/\/
(0]

White crystalline powder (1.88g, 94%)

IH NMR (300 MHz, CDCls) §: 6.86 (s, 2H), 4.16 (t, ] = 6.6 Hz, 4H), 1.70 (m, 4H), 0.98 (t, J = 6.6
Hz, 6H).
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\

di-n-butyl fumarate [105-75-9]

\/\/ONO/\/\
0

White crystalline powder ( 2.2g, 99%)

IH NMR (300 MHz, CDCl3) 8: 6.84 (s, 2H), 4.20 (t, J = 6.6 Hz, 4H), 1.67 (m, 4H), 1.42 (m, 4H),
0.97 (t, J = 6.6 Hz, 6H).

-

4.200
0.%22

6.844
4,222
4.178

7.258

10 9 8 7 6 5 + 3 2 1 ppm

1.60 4.19 6.00
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dimethyl maleate [624-48-6]

White solid (1.31g, 91%)

IH NMR (300 MHz, CDCls) §: 6.86 (s, 2H), 3.81 (s, 6H).

3.808

6.862

7.258
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diethyl maleate [141-05-9]

Colorless liquid (1.64g, 95%)

IH NMR (300 MHz, CDCl3) 5: 6.22 (s, 2H), 4.25 (q, ] = 6.6 Hz, 4H), 1.30 (t, ] = 6.6 Hz, 6H).

1.307

1.332

4.262

4.227
i.ans

6.229

4.203
4.215

7.258

1

10 9 8 7 6 5 4 3 2 1

1.8 6.00
4.00
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di-n-propyl maleate [2432-63-5]

Colorless oil (1.8g, 90%)

'H NMR (300 MHz, CDCls) &: 6.23 (s, 2H), 4.14 (t, J = 6.6 Hz, 4H), 1.69 (m, 4H), 0.95 (t, J = 7.2
Hz, 6H).
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di-n-butyl maleate [105-75-0]

_\_\OOOO/I

Colorless oil (2.1g, 92%)

IH NMR (300 MHz, CDCls) 5: 6.23 (s, 2H), 4.19 (t, J = 6.6 Hz, 4H), 1.65 (m, 4H), 1.39 (m, 4H), 0.94 (t, J
= 6.6 Hz, 6H).

------
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10 9 8 7 6 5 4 3 2 1 ppm
1.73 4.7 5.7
{.00 4.12
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2.5.6 NMR Data for Esterification of Aromatic and Non-Aromatic Acids

'H NMR is shown below for each entry to illustrate the purity of the sample. *H NMR spectra were
identical to spectra in the Spectral Database for organic compounds. SDBSWeb: https://sdbs.db.aist.go.jp

(National Institute of Advanced Industrial Science and Technology)

methyl benzoate [93-58-3]

0]

O/

Colorless oil (1.1g, 77%)

IH NMR (300 MHz, DMSO-ds) &: 7.96 — 7.88 (m, 2H), 7.61 (d, J = 7.5 Hz, 1H), 7.47 (t, J = 7.6 Hz, 2H),
3.81 (s, 3H).

ethyl benzoate [93-89-0]

(0]
@)ko/\

Colorless oil (0.73g, 48%)

IH NMR (300 MHz, CDCl3) &: 8.07 — 8.00 (m, 2H), 7.51 (s, 1H), 7.46 — 7.35 (m, 2H), 4.37 (¢, J = 7.1 Hz,
2H), 1.38 (t, J = 7.1 Hz, 3H).
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propyl benzoate [2315-68-6]

0]
@OW
Colorless oil (0.70g, 43%)

IH NMR (300 MHz, DMSO-ds) &: 7.95 (d, J = 9.1 Hz, 2H), 7.60 (t, J = 7.4 Hz, 1H), 7.48 (t, J = 8.2 Hz,
2H), 4.19 (t, J = 6.6 Hz, 2H), 3.33 (d, J = 6.6 Hz, 2H), 1.40 (q, J = 7.3 Hz, 2H), 0.81 (t, J = 7.4 Hz, 3H).

butyl benzoate [136-60-7]

o)
©)J\O/\/\
Colorless oil (0.94g, 52%)

IH NMR (300 MHz, DMSO-ds) §: 8.47 (d, J = 7.9 Hz, 2H), 8.07 (t, J = 7.3 Hz, 1H), 7.95 (t, J = 7.5 Hz,
2H), 4.75 (t, = 6.5 Hz, 2H), 2.27 — 2.10 (m, 2H), 1.92 (q, J = 7.5 Hz, 2H), 1.48 — 1.29 (m, 3H).

methyl p-toluate [99-75-2]

o

White crystalline solid (0.82g, 55%)

IH NMR (300 MHz, DMSO-ds) 8: 7.83 (d, J = 8.2 Hz, 2H), 7.30 (d, J = 8.0 Hz, 2H), 3.80 (s, 3H), 2.35 (s,
3H).
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methyl p-chlorobenzoate [7335-27-5]

ot
Cl

White crystalline solid (0.95¢g, 55%)
'H NMR (300 MHz, CDCls) &: 7.96 (d, J = 8.1 Hz, 2H), 7.48 — 7.32 (m, 2H), 3.91 (s, 3H).
methyl 2,3-dichlorobenzoate [2905-54-6]

O
O/
Cl
Cl
Pale yellow oil (1.1g, 54%)
'H NMR (300 MHz, CDCls) &: 7.60 (dd, J = 19.9, 7.9 Hz, 2H), 7.32 — 7.13 (m, 1H), 3.93 (s, 3H).

ethyl 2,3-dichlorobenzoate [31273-66-2]

0
o

Cl
Cl

Pale yellow oil (0.93g, 43%)
'H NMR (400 MHz, DMSO-ds) &: 7.73 (d, J = 9.6 Hz, 1H), 7.65 (d, J = 9.3 Hz, 1H), 7.40 (t, J = 7.9 Hz,

1H), 4.30 (g, J = 7.1 Hz, 2H), 1.28 (t, J = 7.1 Hz, 3H).
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propyl 2,3-dichlorobenzoate [25843-11-2]

O
o>

Cl
Cl

Pale yellow oil (0.77g, 33%)
'H NMR (300 MHz, DMSO-ds) &: 7.75 (d, J = 8.0 Hz, 1H), 7.67 (d, J = 7.8 Hz, 1H), 7.42 (t, J = 8.9 Hz,

1H), 4.21 (t, J = 6.5 Hz, 2H), 1.67 (q, J = 7.5 Hz, 2H), 0.91 (t, J = 8.3 Hz, 3H).

methyl 4-hydroxy-3-nitrobenzoate [99-42-3]

0]

HO
NO,

Pale golden/brown solid (1.04g, 53%); mp 75.1-75.9 °C. [Lit. mp 74-76 °C]

IH NMR (300 MHz, CDCl3) &: 10.89 (s, 1H), 8.82 (d, J = 2.1 Hz, 1H), 8.23 (dd, J = 8.8, 2.1 Hz, 1H), 7.22
(d, J = 8.8 Hz, 1H), 3.94 (s, 3H).
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ethyl 4-hydroxy-3-nitrobenzoate [19013-10-6]

0
07

HO
NO,

Pale golden/brown solid (1.34g, 64%); mp 70.5-71.2 °C. [Lit. mp 69-71 °C]

IH NMR (300 MHz, CDCls) &: 8.79 (d, J = 2.1 Hz, OH), 8.26 — 8.19 (m, OH), 7.22 — 7.16 (m, 1H), 4.38 (q,
J=7.1Hz, 1H), 3.69 (q, J = 7.0 Hz, 2H), 1.39 (t, J = 7.1 Hz, 2H), 1.22 (t, J = 7.0 Hz, 3H).

propyl 4-hydroxy-3-nitrobenzoate [34384-48-0]

0
o>

HO

Bright yellow solid (1.0g, 52%); mp 60.2-60.8 °C. [Lit. mp 60-61 °C]

IH NMR (300 MHz, DMSO-ds) &: 8.35 (d, J = 2.5 Hz, 1H), 7.64 (dd, J = 9.1, 2.5 Hz, 1H), 6.61 (d, J = 9.1
Hz, 1H), 4.11 (t, J = 6.6 Hz, 2H), 1.72 — 1.60 (m, 2H), 0.93 (t, J = 7.4 Hz, 3H).
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butyl 4-hydroxy-3-nitrobenzoate [52791-73-8]

(0]
O/\/\

HO
NO,

Bright yellow solid (1.0g, 43%); mp 175.3-176.1 °C. [Lit. mp 174-176 °C]
'H NMR (300 MHz, CDCl3) &: 8.79 (d, J = 2.1 Hz, 1H), 8.26 — 8.19 (m, 1H), 7.20 (d, J = 8.8 Hz, 1H),

4.38 (4, J = 7.1 Hz, 2H), 3.69 (d, J = 7.0 Hz, 2H), 1.39 (t, J = 7.1 Hz, 2H), 1.21 (d, J = 7.0 Hz, 3H).

methyl nicotinate [93-60-7]

Pale yellow oil (0.64g, 47%)

IH NMR (300 MHz, DMSO-ds) &: 9.07 (s, OH), 8.80 (d, J = 6.1 Hz, 1H), 8.27 (d, J = 8.7 Hz, 1H), 7.58 —
7.46 (M, 1H), 3.86 (s, 3H).
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ethyl nicotinate [614-18-6]

0
AN o0~

~

N
Pale yellow oil (0.62g, 41%)

IH NMR (300 MHz, CDCls) &: 9.18 (s, 1H), 8.72 (d, J = 4.8 Hz, 1H), 8.26 (d, J = 7.9 Hz, 1H), 7.43 — 7.29
(m, 1H), 4.38 (q, J = 7.1 Hz, 2H), 1.37 (t, J = 7.1 Hz, 3H).

propyl nicotinate [7681-15-4]

(0]
AN O/\/

=

N
Pale yellow oil (0.72g, 43%)

IH NMR (300 MHz, CDCls) &: 9.15 (s, 1H), 8.76 — 8.60 (m, 1H), 8.27 — 8.15 (m, 1H), 7.34 — 7.15 (m,
1H), 4.23 (t, J = 6.7 Hz, 2H), 1.79 — 1.60 (m, 2H), 0.95 (t, J = 7.4 Hz, 3H).

butyl nicotinate [6938-06-3]

(0]
AN R N

~

N
Pale yellow oil (0.92g, 54%)

IH NMR (300 MHz, CDCls) &: 9.15 (s, 1H), 8.74 — 8.63 (m, 1H), 8.29 — 8.16 (m, 1H), 7.38 — 7.24 (m,
1H), 4.28 (t, J = 6.6 Hz, 2H), 1.69 (p, J = 6.8 Hz, 2H), 1.45 — 1.30 (m, 2H), 0.90 (t, J = 7.4 Hz, 3H).

112



methyl phenylacetate [101-41-7]

0.
O

Pale yellow oil (1.4g, 95%)

IH NMR (400 MHz, DMSO-dg) &: 7.28 (dt, J = 12.8, 7.2 Hz, 5H), 3.67 (s, 2H), 3.60 (s, 3H).

ethyl phenylacetate [101-97-3]

0 _~
o

Pale yellow oil (1.6g, 98%)

IH NMR (300 MHz, DMSO-dg) &: 7.45 — 7.12 (m, 5H), 4.08 (q, J = 7.1 Hz, 2H), 3.65 (s, 2H), 1.17 (t, J =
7.1 Hz, 3H).

propyl phenylacetate [4606-15-9]

O
O

Pale yellow oil (1.6g, 92%)

IH NMR (300 MHz, CDCl3) &: 7.34 — 7.26 (m, 4H), 4.06 (t, J = 6.7 Hz, 2H), 3.63 (s, 2H), 1.70 — 1.59 (m,
2H), 0.92 (t, J = 7.4 Hz, 3H).
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butyl phenylacetate [122-43-0]

©/\H/O\/\/
O

Pale yellow oil (1.99, 99%)
'H NMR (300 MHz, DMSO-ds) 8: 7.76 (s, 4H), 4.52 (t, J = 6.6 Hz, 2H), 4.08 (s, 2H), 2.08 — 1.97 (m, 2H),
1.80 (q, J = 7.4 Hz, 2H), 1.35 (t, J = 7.3 Hz, 3H).

methyl laurate [111-82-0]

W(O\

0
Pale yellow oil ( 2.1g, 97%)
'H NMR (300 MHz, DMSO-ds) &: 3.55 (s, 3H), 2.25 (t, J = 7.4 Hz, 2H), 1.54 — 1.42 (m, 2H), 1.21 (s,

18H), 0.82 (d, J = 6.8 Hz, 3H).

ethyl laurate [106-33-2]

\/\/\/\/\/\WOV

o]
Pale yellow oil (2.2g, 95%)

IH NMR (300 MHz, CDCls) &: 4.11 (q, J = 7.1 Hz, 2H), 2.27 (t, J = 7.5 Hz, 2H), 1.69 — 1.56 (m, 2H), 1.24
(s, 18H), 0.91 — 0.81 (m, 3H).
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propyl laurate [3681-78-5]

V\/\/\/\/\H/Ov\

0
Pale yellow oil (2.1g, 88%)
'H NMR (300 MHz, DMSO-ds) 8: 3.93 (t, J = 6.6 Hz, 2H), 2.25 (t, J = 7.3 Hz, 2H), 1.53 (dt, J = 14.0, 7.0

Hz, 4H), 1.22 (s, 18H), 0.85 (s, 3H).

butyl laurate [106-18-3]

\/\/\/\/\/\WO\/\/

0
Pale yellow oil (2.0g, 77%)

IH NMR (400 MHz, DMSO-ds) &: 3.98 (t, J = 6.6 Hz, 2H), 2.23 (d, J = 7.3 Hz, 2H), 1.51 (s, 2H), 1.27 (s,
6H), 1.09 (s, 3H), 0.83 (t, J = 6.5 Hz, 3H).

methyl palmitate [112-39-0]

\/\/\/\/\/\/\/YO\

0
Colorless oil (2.7g, 98%)

IH NMR (300 MHz, DMSO-ds) &: 3.55 (s, 3H), 2.25 (t, J = 7.4 Hz, 2H), 1.53 — 1.41 (m, 2H), 1.21 (d, J =
1.7 Hz, 26H), 0.83 (t, J = 6.6 Hz, 3H).
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methyl oleate [112-62-9]

\O)J\/\/\/\/:\/\/\/\/
Amber oil (1.8g, 64%)

IH NMR (300 MHz, DMSO-ds) &: 5.30 (t, J = 4.6 Hz, 2H), 3.55 (s, 3H), 2.25 (t, J = 7.4 Hz, 2H), 1.98 —
1.91 (m, 3H), 1.54 — 1.43 (m, 2H), 1.22 (s, 20H), 0.87 — 0.78 (m, 3H).
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Chapter 3

Room-Temperature Aqueous Suzuki-Miyaura Cross-Coupling Reactions
Catalyzed via Recyclable Palladium@Halloysite Nanocomposite

— 91-98% yield
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3.1 Abstract

A reliable method for encapsulating palladium nanoparticles (6-8 nm particles) in halloysite (Pd@Hal) has
been developed. The Pd@Hal was found to be a highly efficient room temperature catalyst for Suzuki-
Miyaura cross-coupling reactions that gave high yields of a diverse array of coupling products in n-PrOH:
H>0 (5:2) within 1 h. The catalytic system was remarkably effective with a broad scope of substrates.

Further, the catalyst was easily recovered and recycled without significant loss of catalytic activity.
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3.2 Introduction

3.2.1 Transition Metals in Synthetic Organic Chemistry

The formation of new carbon-carbon bonds is central to organic chemistry and a prerequisite for all life on
earth. Transition metal-catalyzed reactions are one of the most powerful and direct approaches for
synthesizing organic molecules. Transition metal-catalyzed cross-coupling reactions to form C-C, C-N, C-
O, and C-S bonds are among the most powerful organometallic transformation in organic chemistry. The
importance of the synthesis of carbon-carbon bonds is reflected by the fact that Nobel Prizes in Chemistry
have previously been given to this area: In 1912 for the Grignard reaction®, 1950 the Diels-Alder reaction?,
1979 the Wittig reaction®, 2005 for the olefin metathesis, and Palladium-catalyzed cross-coupling in
organic chemistry (2010)*. Transition metal-catalyzed processes have been extensively utilized in the
industry for over the past 30 years. They have been employed for library preparations, discovery
syntheses, and large-scale preparation of active pharmaceutical ingredients. This use relates to the
efficiency of conducting many chemical transformations with a tolerance of numerous functional groups,
high enantio-, diastereomer-, and chemo-selectivity. Transition metals play an essential role in organic
chemistry. The most applied transition metal-catalyzed applications relate to the transformations that result
in a cross-coupling for the formation of carbon-carbon and carbon-heteroatom bonds, asymmetric

hydrogenation, oxidation, asymmetric addition, and metathesis. > °

Transition metals have a unique capability to activate a variety of organic compounds, and because
of this activation, they can catalyze the formation of new bonds. This has led to the development of many

transition metal-catalyzed reactions. Palladium is one metal that was used early on for organic catalytic
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transformations. Generally, transition metals, particularly palladium, have been essential for developing
reactions for carbon-carbon bond formation.” Transition metals have been utilized since the mid-1970s. In
1971, Fe (111) complex was shown to catalyze organ magnesium reagents coupling with haloalkenes.® The
following year, in 1972, Kumada, Tamao, and Corriu independently reported the cross-coupling of
organo-magnesium reagents with an alkenyl or aryl halides catalyzed by a Ni (1) complex.® Since these
seminal reports, palladium and nickel complexes have emerged as the mainstream catalysts employing
organo-boronates, silicon, tin, magnesium, and zinc reagents as the nucleophilic components wherein the
corresponding cross-couplings are referred to as Suzuki-Miyaura, Stille, Kumada, Negishi, Heck

coupling.* 10-13

Scheme 1. Palladium-catalyzed C-X coupling reactions.
Ar
X
_ B(OR); Suzuki coupling
/\R MgX Kumada coupling

ZnX Negishi coupling
SnR; Stille coupling
R
R

I X _
| N - | = — | AN
/\1{ =X N

R
Sonogashira Heck coupling
NR,
| S Buchwald-Hartwig
N Amination

R

124



By choosing reaction components, catalysts, and conditions, most carbon-carbon single bonds can
be constructed through this process. The utility of cross-couplings for the accessibility of bi-aryl, aryl-
alkenyl, and aryl-alkynyl moieties has made these structures common synthetic intermediates for
pharmacophores, numerous rationally designed drugs and clinical candidates as exemplified by Losartan,

Naratriptan, and Singulair Figure 1.2+ 1

Figure 1. Examples for application of cross-coupling reactions.
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Since the 1970s, much attention has been paid to cross-coupling reactions. A large variety of
electrophiles continued to be developed and extensively used in organic synthesis. In the early stages of
this development, aryl iodides and bromides were successfully employed as electrophiles in cross-
coupling reactions because of their relatively high reactivities.'® New efficient catalytic systems are being

developed to obtain the cross-coupled product utilizing the less-reactive aryl chlorides and fluorides. 72
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Scheme 2. Cross-coupling reaction of less reactive aryl chlorides.
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Compared with the electrophiles mentioned above, readily available phenol substrates and their
derivatives provide an alternative route to C-C bond formation. As shown in Scheme 3 aryl triflates have

been successfully used as an efficient electrophile because of their relatively high reactivity.?

Scheme 3. Aryl triflates were successfully used as an efficient electrophile of cross-coupling reaction.
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Cl 9mol% ligand . -
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As shown in Scheme 4 the phenolic anion is an excellent s-donor ligand, which could bind to the metal

catalyst and impede the transition-metal-induced cleavage of the C-O bond.??
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Scheme 4. Phenolic anion as a ligand for the cleavage of the C-O bond.
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Significant progress has also been shown for the carbon-nitrile cross-coupling reaction. Asymmetric
intramolecular olefin arylcyanations provide indanes with quaternary carbon stereogenic centers from

readily available benzonitrile precursors with good yields and high enantioselectivities. 23-2°

Scheme 5. Asymmetric intramolecular olefin arylcyanation cross-coupling reaction.
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Aryl trimethylammonium triflates and tetrafluoroborates were found to be highly reactive electrophiles in
the Pd-catalyzed cross-coupling with aryl Grignard reagents.?® These advances have significantly
increased the flexibility for incorporating a larger pool of commercially available materials into a

synthesis.
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Scheme 6. Pd-catalyzed cross-coupling with aryl Grignard reagents.

— — 1mol% PdCl,(PPh;), — —
\

NMe;OTf MgB >
S Y €3 +R,k / ghr THF, t, 1-5h X/ \ /\/R'

R =F, Cl, CO,Et, OPiv, CN, SMe, OCF;, NMe,

In addition to the advances made with the electrophiles, the nucleophile scope has also expanded to
include carboxylic acids (decarboxylative couplings)?’, perfluorinated alkanes?®, and C—H insertions.?°
Progress was also made for enantioselective cross-couplings *° to provide access to atropisomers,
emerging as pharmacophores. ! These advances in cross-couplings are growing exponentially, a trend that
will add additional value to the chemical and pharmaceutical industries. These methodologies provide the
robustness required for forming a large diversity of structures necessary for discovery and development.
Some notable examples are shown in Figure 2 the multibillion-dollar drugs Gleevec from Novartis,
Abilify from Otsuka Pharmaceuticals, and Pfizer’s Phase I1I candidate Torcetrapid, * An early classical
example of Suzuki coupling in the pharmaceutical industry was Merck’s synthesis of losartan 2, an

angiotensin Il receptor antagonist Scheme 7
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Figure 2. Pharmaceutical application of heteroatom cross-coupling reaction.
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Scheme 7. Merck’s synthesis of Losartan via Suzuki coupling.
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3.2.2 Cross-Couplings for the Formation of Carbon-Carbon Bonds

The core of cross-coupling reactions is the reductive elimination of two organic components from a high
valent late transition metal for the formation of a C—C bond. ** This reaction's utility was achieved by

developing appropriate components for the selective formation of the mixed bis-organometallic
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intermediate. There has been remarkable progress in the cross-coupling reaction of organometallic
reagents containing various nucleophiles such as B, Mg, Li, Sn, Al, Zn with unsaturated electrophiles
containing alkenyl, aryl, allyl, alkynyl groups. The general catalytic cycle involves oxidative addition of
the organic electrophile to a coordinatively unsaturated metal complex, followed by transmetallation from
the nucleophile to the intermediate species formed in the first step. Reductive elimination affords the

coupling product with the regeneration of the catalyst.

Scheme 8. A general mechanism for transition metal-catalyzed cross-coupling reaction.

Ri1—Ri = _—> Pd(0) T Ri-X
\ > N\ /
1) reductive eliminati ) N\, [

5 o uu.nnr.m) [ (1) oxidative addirion

“‘/I \l'
/ ll

/ \
[ '

Ry— Pd'm)-R1 X—Pd(In)—Ry

4 R: OH of 1
\ Base |
\ f <— R:—B /

OR | OH OH /[ —y—oRr

(2) transmetallation |

OH N / > '\‘

e

. 7 OR-Pd(I1)-Ry =
R'O-B-OH ¥ M-X

OH

3.2.3 Palladium-catalyzed cross-coupling reactions

Awarding the 2010 Nobel Prize to Heck, Negishi, and Suzuki for "palladium-catalyzed cross-couplings in
organic synthesis™ shows how significant the carbon-carbon bond formation. Palladium-catalyzed cross-

coupling reactions are pivotal steps in syntheses of agrochemicals, pharmaceuticals, and other fine
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chemicals.” 33 Palladium catalysts are one of the most used transition metal catalysts due to their low
toxicity and ease of handling. Palladium catalysts have many advantages over the use of non-precious
metals like copper, nickel, and iron, even though the cost is lower for the 1%-row transition metals.28 39-44
These advantages can include higher reactivity facilitating the transformation of less reactive substrates 1*
45, performing at relatively low temperatures, and having a higher catalyst turnover number (TONS). 6 As
a rule of thumb for fine chemicals production, significant catalyst turnover numbers (TONs) of >1000—
10000 are needed if the use of expensive metal complexes should be competitive with other routes. As
initially developed, these reactions predominantly employ soluble Pd complexes with various organic and
inorganic co-additives. Figure 3 shows some examples of commonly used Pd/ligand systems used to
catalyze cross-coupling reactions. Pd(PPhas)s is the most frequently used, PdCI>(PPhs)., and
Pd(OAC)2/PPhs are also efficient as they are readily reduced to active Pd(0) complex. Various ligands such
as dialkyl diphenylphosphine, ferrocenyl dialkyl phosphines, sterically hindered N-heterocyclic carbenes

(NHCs) heteroaromatic phosphine ligands are used in cross-coupling reactions.*-
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Figure 3. Examples of homogeneous Pd/ligand complexes used in cross-coupling reaction.
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However, such complex homogenous reaction systems present several challenges for scale-up and
industrial use, inhibit product purification (Pd removal), and have limited catalyst recyclability.524 Efforts
to convert homogenous Pd/ligand systems into similarly ligated Pd/ligand heterogeneous systems using
insoluble supporting materials have had limited success.®>"° When designing metal-ligand complexes, it is

crucial to consider: (i) the productivity of the catalyst system, (ii) its activity, and (iii) its selectivity, as
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well as (iv) the contamination of the product with metal and ligands.* "L Also, the ligand price should be
considered, especially with more complex structures.'® "2 The catalytic system activity must be taken into
account to minimize costs. Often, pharmaceutical intermediates synthesis can result in the formation of
many by-products, so the metal catalyst selectivity is incredibly significant and must be addressed to cut
cost. Also, the contamination of the product with the ligands and the metal can be another issue that needs
to be considered, especially for pharmaceuticals. Usually, the amount of heavy metal must be controlled to
levels below 10 ppm.”® If higher, removal strategies must be developed, which adds to the overall cost.”
The use of palladium to catalyze coupling reactions offers significantly shorter routes to the desired
products, minimizing side products and waste. Recent studies aimed at the development of robust and
recyclable Pd heterogeneous systems with catalytic activities comparable to homogeneous systems have
focused on the potential use of Pd nanoparticles (Pdne)™"® Pdne-supported nanocomposite materials, 87
and Pd single-atom composite materials.® & Better et al. obtained 97% conversion in a Heck reaction of

4-bromoacetophenone and butyl acrylate at 140°C in the presence of 0.05 mol % of Pd colloids

Scheme 9.%°

Scheme 9. Pd colloid catalyzed Heck reaction.
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The main disadvantage of these procedures is the short lifetime of the catalyst tending to further
aggregate and form inactive Pd. The higher the Pd load is, the faster the deactivation relative to the
catalytic process occurs. Moreover, for challenging substrates like aryl chlorides or alkyl halides, ligands
are required. Reetz and co-workers were the first to report Pd and Pd/Ni nanoparticles' use stabilized by
tetrabutylammonium salts and PVP for the Suzuki coupling of aryl bromides and chlorides with
phenylboronic acid using 2 mol% of these catalysts shown in Scheme 10.% In 2000, a paper reported the
use of Pdnps stabilized by N-vinyl-2-pyrrolidone (PVP) (0.3 mol% of Pd) for Suzuki-Miyaura reaction in
water. % In 2004, Pdnes (2-5 nm) entrapped in SiO2 gel (SiO2/TEG/Pd) were reported to catalyze coupling
of aryl iodides and bromides with boronic acid using 0.75 mol% Pd catalyst ®, Pd>-~AmP-MCF catalyst
using amino-propyl-functionalized silicane foam with Pdnes for the coupling of aryl iodides and bromides

was reported by the Baclovall group.®

Scheme 10. The first example of Pd and Pd/Ni NPs catalyzed Suzuki coupling. %
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However, many of these systems suffer from low reactivity, thermal instability, metal leaching, metal
agglomeration, and higher reaction temperatures. Therefore, new heterogeneous Pd systems are needed
that offer high catalytic activity under ambient conditions, use benign chemical additives, are reactive in

green solvent systems, can be easily recycled, and are cost-effective.
3.2.4 Transition Metal Nanoparticles

Modern transition metal nanoclusters exhibit several advantages over classical colloids and differ from
them in several important aspects. They are usually smaller (1-10 nm in diameter) with narrower size
dispersion, and their synthesis is reproducible with well-defined composition and clean surfaces.®>*® They
are isolable and re-dissolvable in aqueous and/or organic solvents. In terms of catalytic properties,
transition metal nanoparticles are usually more active and display reproducible activities and often high
selectivity. Nanocatalysis combines the advantages of easy separation, handling, and reuse, typical of
heterogeneous catalysts, and the benefits of homogeneous catalysis, namely high selectivity and
efficiency.®® Furthermore, the use of supports for metals is of great interest for its potential to recover and

reuse the catalyst and reduce metal usage.%® 1%
3.2.5 Synthesis of Transition Metal Nanoparticles

Metal nanoparticles (M-NPs) designed for catalytic applications are usually synthesized through two
methods: metal salts reduction and organometallic complexes decomposition.%-%8 101196 Athough various
techniques are used to synthesize nanoparticles, some features are common to all the methods. That is, the

synthesis of nanoparticles requires the use of a device or process that fulfills the following conditions:
e control of particle size, size distribution, shape, crystal structure, and composition distribution

e improvement of the purity of nanoparticles (lower impurities)
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e control of aggregation

e stabilization of physical properties, structures, and reactants

e higher reproducibility

e higher mass production, scale-up, and lower costs

Unsupported metal nanoparticles with well-defined surface structures and clean exposed facets are
a simplified model for theoretical studies. However, the transfer from computational approaches and real
catalysts is still a challenge. Because of their high-dispersed state, metal nanoparticles in solution tend to
agglomerate and coagulate. Therefore spontaneously, they need to be stabilized by a protective agent to
avoid bulk metal formation. Two types of stabilization can be achieved as illustrated in Figure 4
depending on the nature of the protecting agents: (i) electrostatic stabilization can be obtained using ionic
compounds as protecting agents; Adsorption of ions to the surface creates an electrical double layer which
results in a coulombic repulsion force between individual particles. (ii) steric stabilization can be achieved
by surrounding the metal center with layers of material that are sterically bulky molecules such as

polymers.

Figure 4. Schematic representation of the electrostatic and steric stabilization in (M-NPs).

Electrostatic stabilization Steric stabilization
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The nature and/or length of the sterically protecting agent will modify the thickness of the
protecting layer and thus influence the stability/reactivity of the nanoparticles. Some examples include
organic ligand shells (citrates, amines, thiols),9"1% surfactants (CTAB),'!° polymers (PVA, PVP), 1!
dendrimers,'!2 and ionic liquids (hydroxy imidazolium chlorides).!'® Figure 5 Capping agents do more
than just preventing nanoparticle agglomeration, organic ligand modification of metal surface is a useful
tool for increasing the compatibility with another phase or introducing additional functionalities.!!*
Moreover, in supported metal nanoparticles, the capping agent can facilitate the anchoring onto the
support resulting in a high metal dispersion.*'® Impact on the performances of M-NPs, mainly because of

the hindered access of reactants to the catalyst surface. 116117
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Figure 5. Examples of capping agents.
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3.2.6 Immobilization of M-NPs on a Solid Support

The immobilization of colloidal M-NPs on a solid support is an exciting alternative since the catalyst can
be recycled by simple filtration. Several approaches to the preparation of supported nanocatalysts have

been reported, including conventional impregnation, coprecipitation and deposition—precipitation
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techniques, photo deposition, sputtering, colloidal methods, and more 1% 118122 Recently, novel
approaches have been presented, which improve the distribution of metal particles and the degree of
dispersion on the support 123126, For example, Pd nanoparticles with controlled size and narrow size
distribution were deposited on TiO> spheres containing many surface hydroxyl groups with the assistance
of SnCl, 12%, Based on the surface redox reaction between the metal oxide support and metal ions, metal
nanoparticles and metal alloys (e.g., Pt, Au, Ru, PtRu, etc.) were in situ deposited on the metal oxide
support, resulting in metal/metal oxide or nanocatalysts with uniform metal particle size 6. Palladium
NPs immobilized on various supports have been applied as catalysts for cross-coupling reactions. The
efficient immobilization of these nanocatalysts was mainly reported onto classical supports such as
polymers, 127130 resins, activated carbon,!3! carbon nanotubes'®?, and various inorganic materials.*3% 134

Immobilizing M-NPs onto solid supports can minimize atom/ion leaching from the particles.
3.2.8 Halloysite as a Support

The kaolinite-related clay, halloysite (Hal), has been identified as solid support for numerous chemical
applications. Halloysite is a dioctahedral 1:1 clay mineral and occurs in nature as a hydrate consisting of
rolled aluminosilicate sheets.*3-*37 The morphology of Hal particles is highly diverse, but the most
common shapes are elongated, curled particles that form nanotubes or nanoscrolls. Hal nanoscrolls are
generally 0.2-2 um in length, having an inner diameter of 10-40 nm and an outer diameter of 40-70
nm.*¥” Hal nanoscrolls are classified into two morphologies, having the stoichiometry Hal-(10 A)

[Al2Si205(0OH)4-2H20] and dehydrated Hal-(7 A) [Al2Si20s(0OH)4]. *¥*
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Figure 6. Halloysite nanoscroll.
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New synthetic methods for the formation of Pdne and Pdne nanocomposites with well-controlled
size and shape are essential because of the crucial role it plays in many technologies and its usage in many
industrial applications. Several Pd-halloysite heterogeneous systems have been reported in the recent
literature, 38142 based upon both Pd/ligand-halloysite and Pdne-Hal systems have been reported. In both
systems, the palladium species were supported on the halloysite's scrolled framework. Although these
systems afforded good yields of cross-coupled products, the catalysts suffered from similar issues typically
associated with other heterogeneous systems (lower reactivity requiring raised reaction temperatures,
leaching, and catalyst deactivation over multiple uses). Recent reports have described the preparation of an
encapsulated gold, silver, and ruthenium nanoparticle-halloysite nanocomposites.**® 144 Based on these
studies, it became interesting to explore whether encapsulated Pdne in halloysite could offer greater
stability and improved nanoparticle reactivity. To our knowledge, Pdnpe had not successfully been
exclusively encapsulated in halloysite; thus, our initial focus was to develop a method for the synthesis of

an encapsulated-Pdnp-Hal nanocomposite material (Pd@Hal) then investigate this material as a catalyst for
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cross-coupling reactions. Herein we describe a convenient and reliable synthesis of Pd@Hal and its

remarkable catalytic activity for the Suzuki-Miyaura reaction.
3.3 Results and Discussion

Our approach initially produced monodispersed Pdne of appropriate size by reducing palladium (1) to
achieve encapsulation with halloysite nanoscrolls.” %1% As summarized in Table 1, treatment of

palladium acetate with sodium ascorbate afforded Pdne of appropriate size for encapsulation in halloysite.

Figure 7. Synthesis of Pd@Hal nanocomposite
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Table 1. Two-Step optimized encapsulation of Pdne in Halloysite.

Entry?® Pd(OACc) Pd/Hal® Reducing agent Capping agent Description
(mmol) (mmol) (mmol) (E, A)¢
1 0.060 1:16 sodium ascorbate (10) ascorbic acid E,A
(0.60)
2 0.060 1:16 sodium ascorbate ascorbic acid E, A
(7.0) (0.60)
3 0.13 1:8 sodium ascorbate ascorbic acid E,A
(7.0) (0.60)
4 0.13 1:8 sodium ascorbate ascorbic acid E, A
(7.0) (1.4)
5 0.26 1:8 sodium ascorbate ascorbic acid E only
(7.0) (2.7)
6 0.26 1:8 ascorbic acid ascorbic acid A only
(7.0) (2.7)
7 0.26 1.8 ascorbic acid citric acid A only
(4.0) (2.7)
8 0.60 1:1 sodium ascorbate trisodium citrate (6.0) E only
(100)
9 0.60 1:1 sodium ascorbate trisodium citrate (1.2) E only
(7.0)
10 0.60 1:1 sodium ascorbate trisodium citrate E only
(10) (0.60)

8Results are based on 3 trials for each set of reaction conditions.
PMolar ratio of Pd(OAc)./halloysite.
°Encapulation inside the scroll (E). Agglomeration of nanoparticles outside of the scroll (A).
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Table 1, entry 1
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Table 1, entry 2
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Table 1, entry 3
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Table 1, entry 4
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Table 1, entry 5
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Table 1, entry 6
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Table 1, entry 7
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Table 1, entry 8
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Table 1, entry 9
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Table 1, entry 10
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An aqueous suspension of the synthetic Pdnp, when combined with halloysite, furnished the
desired encapsulated Pd@Hal nanocomposite. The degree to which the Pdne were encapsulated versus
agglomerated outside of the nanoscroll was determined from TEM images. Initial attempts to form a
Pd@Hal nanocomposite material focused on a 1:16 molar ratio of Pd/Hal (entry 1, 10% wt/wt) with
sodium ascorbate employed as the reducing agent for nanoparticle formation and citric acid was used as
the capping agent to reduce nanoparticle agglomeration and control the size of the particles. This initial
attempt resulted in good encapsulation of the Pdne in halloysite; however, there was a significant
aggregation of the Pdnp outside of the scrolls, resulting in incomplete encapsulation of Pdnp.

Decreasing the amount of the reducing agent did not improve encapsulation (Table 1, entry 2), and the
use of ascorbic acid proved to be deleterious to Pdnp encapsulation due to the formation of large
nanoparticles that were incapable of entering the scroll (Table 1, entries 6 and 7). The use of a 1:8
molar ratio of Pd/Hal gave similar results (Table 1, entry 3) to the 1:16 ratio. It was not until the amount
of capping agent was increased that improved encapsulation was observed. An optimum encapsulation
was achieved with a 4.5-fold increase in the relative amount of citric acid (Table 1, entry 5). TEM
images Figure 8a of the sample show that the bulk of Pdne were encapsulated, with no agglomeration
on the halloysite surface or agglomerates outside of the scrolls. Encapsulated Pdnp size averaged
between 6-8 nm. This approach (Table 1, entry 5) resulted in 98% Pd loading (based on Pd(OAc)z2) to

furnish a Pd@Hal nanocomposite that was 4% Pd content (%wt) as determined by ICP-AES analysis.
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Figure 8. TEM Images of Pd@Hal nanocomposite. (a) Table 1, entry 5. (b) Table 1, entry 10.

Having identified conditions for the successful encapsulation of Pdnp, attention turned toward
increasing the loading of encapsulated Pdne. In these studies, trisodium citrate was employed as the
capping agent since it had been reported to control the aggregation of Pdne better than citric acid.” >
Given the larger amount of palladium in the reaction, it was assumed that trisodium citrate would
facilitate encapsulation over aggregation. Using a molar ratio of 1:1 Pd/Hal and trisodium citrate, higher
encapsulation levels of the Pdnp could be achieved. In addition, a large excess of sodium ascorbate was
employed to promote the formation of small Pdnp and facilitate the encapsulation into the halloysite
(Table 1, entry 8); under these conditions, excellent encapsulation was observed; however, the Pdne
were extremely small (1-2 nm). Decreasing sodium ascorbate gave larger nanoparticles (6-8 nm) and
excellent encapsulation (Table 1, entries 9 and 10). Optimized conditions were established using a 1:1
molar ratio of Pd/Hal, with a 16-fold excess of sodium ascorbate and an equal molar amount of
trisodium citrate (Table 1, entry 10). These conditions furnished a Pd@Hal nanocomposite with 98%

encapsulation with no observable external scroll decoration Figure 8b. The palladium content of this
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Pd@Hal nanocomposite was found to be 25% (wt) based upon ICP-AES analysis. Having produced
quality Pd@Hal nanocomposites, attention turned toward the application of this new material in cross-
coupling reactions. Initial optimization of Suzuki-Miyaura reaction conditions employed the 4%
Pd@Hal nanocomposite material prepared previously (Table 1, entry 5). A catalyst loading of 10%
(wt/wt) Pd@Hal nanocomposite was employed relative to the limiting reagent (aryl bromide). This
corresponds to a metal loading of 5.6g Pd/mmol. The base was used in excess (2 equivalents) relative to
the boronic acid. As summarized in Table 2, a survey of conditions was performed with 4-
bromotoluene (1) and 4-methoxyphenylboronic acid (2) to identify optimized reaction conditions for
cross-coupling to yield 4-methoxy-4’-methyl biphenyl (3). Traditional solvents used in Suzuki-Miyaura
reactions (1,4-dioxane and toluene) gave low yields or complex mixtures of coupling products and
homo-coupling by-products (Table 2, entries 1-7). * 4" 1 Homo-coupling by-products were observed
when the reaction was performed in air (Table 2, entries 1-3) to prevent the homo-coupled formation
by-products; the reactants and reaction mixtures were maintained under a nitrogen atmosphere until the
reaction reached completion. ¥ It was interesting that although the water was a poor solvent for the
reaction (Table 2, entry 8), the addition of water to 1,4-dioxane or toluene (Table 2, entries 9 and 10)
promoted the coupling reaction at room temperature. This prompted the use of the more polar solvent,
n-propanol, as a co-solvent with water. Much to our surprise, an n-propanol/water (4:1) solvent mixture
furnished the desired coupling products at room temperature in 93% yield within one hour (Table 2,
entry 11). The coupling reaction proved highly efficient, requiring only a slight excess of boronic acid
(Table 2, entry 12) with no homo-coupled by-product observed. A slight increase in the amount of
water, n-propanol/water ratio to 5:2, gave optimum conditions for the coupling reaction and afforded the
coupled product 3 in nearly quantitative yield (99%, Table 2, entry 13). Under these conditions' catalyst

loading was evaluated. It was determined that 5% wt/wt loading of the 4%Pd@Hal was equally

155



effective, affording 3 in 98% yield within 1 h (Table 2, entry 14). This corresponds to a metal loading
of 2.8g Pd/mmol. Further reduction of the catalyst loading to 2% wt/wt required a longer reaction time
to achieve the same success but gave 3 in 95% vyield after 8 h at room temperature (Table 2, entries 15-
16). Initially, Cs>CO3 (2 Equiv.) was used in these studies as the base. However, it was later found that
K2COs could successfully substitute for Cs,COz. Using two equivalents of K.COgz required a longer
reaction time; however, three equivalents of KoCOz gave a comparable yield to the Cs,CO3 system
(Table 2, entries 17-19). In addition, to the mild and efficient nature of this reaction, it was extremely
satisfying to realize that the catalytic reaction was scalable without loss of yield at the ambient
conditions. Using 10% wt/wt 4% Pd@Hal, a 97% yield of 3 (0.96 g, 5 mmol scale) was obtained after 1
h (Table 2, entry 20). Similarly (Table 2, entry 22) 5% wt/wt 4% Pd@Hal, a 99% yield of 3 (2.27 g,

11.6 mmol scale) after 8 h.

The high reactivity of Pd@Hal is believed to be due to the synergy of the Pdne (large reaction
surface area) in halloysite (a confined amphiphilic environment) since control reactions showed that
neither Pdne nor halloysite alone exhibited catalytic activity in this reaction system. The catalytic effect
of halloysite encapsulated Pdnp is believed to be similar to the micellar effects observed for various

metal-catalyzed reactions in aqueous-based systems. %3
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Table 2. Optimization of Suzuki-Miyaura reaction.

o
ol
H3C (HO),B

1 2

4% Pd@HgI ‘
basstflv(gniqltl“zv ) H3C 3
Entry 2:1 (mmol) | 4% Pd@Hal solvent / (base, 2 equiv.) T(°C), yield (%)®
loading® time, (h)
1 1.5:1.0 10 1,4-dioxane (Cs2C03) 80, 6 22¢4
2 1.5:1.0 10 1,4-dioxane (Cs2C03) 80, 24 76%¢
3 1.5:1.0 10 1,4-dioxane (Cs2C0s) reflux, 6 CMmee
4 1.5:1.0 10 1,4-dioxane (Cs2C0s) reflux, 24 Cme
5 1.5:1.0 10 toluene (Cs2C0s) 80, 24 NRf
6 1.5:1.0 10 toluene (Cs2C03) reflux, 24 Cme
7 1.5:1.0 10 toluene (Cs2C0s) reflux, 8 65¢
8 1.5:1.0 10 H>0 (Cs2C03) reflux, 8 NRf
9 1.5:1.0 10 toluene: H20 [4:1] rt, 24 Ccme
10 1.5:1.0 10 1,4-dioxane: H20 [4:1] (Cs2CO0s) rt, 24 Cme
11 1.5:1.0 10 n-PrOH: H20 [4:1] (Cs2C03) rt, 1 93
12 1.2:1.0 10 n-PrOH/H20 [4:1] (Cs2C03) rt, 1 94
13 1.2:1.0 10 n-PrOH/H20 [5:2] (Cs2C03) rte, 1 99
14 1.2:1.0 5 n-PrOH: H20 [5:2] (Cs2C0s) rt, 1 98
15 1.2:1.0 2 n-PrOH: H20 [5:2] (Cs2C03) rte, 1 75
16 1.2:1.0 2 n-PrOH:H,0 [5:2] (Cs2C03) rt, 8 95
17 1.2:1.0 10 n-PrOH:H20 [5:2] (K2CO3) rt, 1 87
18 1.2:1.0 10 n-PrOH:H-0 [5:2] (K2COs) rt, 8 96
19 1.2:1.0 10 n-PrOH:H20 [5:2] (K2COs, 3 equiv.) rt, 1 99
208 5.7:5.0 10 n-PrOH:H20 [5:2] (Cs2C0s3) rt, 1 97
21" 11.8:11.6 5 n-PrOH:H,0 [5:2] (Cs2C03) rte, 1 70
220 11.8:11.6 5 n-PrOH:H20 [5:2] (Cs2C0s3) rt, 8 98

410% (wt/wt) of 4%Pd@Hal relative to bromotoluene (1) corresponds to 5.6g Pd/mmol 1). 5% (wt/wt) of 4%Pd@Hal
relative to 1 corresponds to 2.8g Pd/mmol 1). 2% (wt/wt) of 4%Pd@Hal relative to 1 corresponds to 1.1g Pd/mmol 1).
bIsolated yields based on at least three trials. °Sealed vial under air. %Isolated yield of coupling product and homo-coupling
product also present. °CM: Complex mixture of starting material, coupling product, and homo-coupling product ‘NR: no
reaction, only starting material. 95 mmol scale. "12 mmol scale.
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The Pd@Hal catalyst was found to be durable and chemically robust. The catalyst could be recovered
by simple centrifugation and filtration and reused without loss of activity or structural change to the

Pd@Hal nanocomposite based upon TEM analysis.

Recycling Studies

Pd@Hal (cycle 1)
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Pd@Hal (after three cycles)

Moreover, the Pd@Hal nanocomposite could be stored for several months and used without loss
of activity. As illustrated in Figure 9, recycling studies with 4% Pd@Hal (Table 1, entry 5)
showed that the catalyst could be cycled through nine consecutive coupling reactions with no
loss of activity and excellent isolated yields of the coupling product 3 in each trial. It was not
until the ninth trial that the yield started to diminish. Further, the palladium content of the

Pd@Hal catalyst was determined after five recycled reactions, and the ICP-AES analysis
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indicated no significant palladium loss. It was also determined by ICP-AES analysis that some
residual Pd (6.4 ppm) was present in 3 after the first cycle of the study. It is unclear if this low-
level Pd residue is due to ionic Pd(Il) or soluble Pd(0) species released during the reaction or the

recovery/work-up procedure.

Figure 9. Pd@Hal recycling studies.

OCH
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To further demonstrate this catalyst system's utility for the Suzuki-Miyaura cross-
coupling reaction, a series of aryl halides (4) and boronic acids (5) were investigated substrates

for cross-coupling. As summarized in Scheme 11, the Pd@Hal catalyst demonstrated high
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reactivity in the presence of a variety of functional groups to afford cross-coupling products (6)
in excellent yields under very mild conditions. In all examples, product formation began
immediately, and within one h, the limiting reagent 4 was consumed entirely. The reaction
conditions equally tolerated both hydrophobic and hydrophilic substrates. It is noteworthy that
the hydrophilic cross-coupling products, 4-hydroxy-4’-methoxybiphenyl (6m, 97%) 4-amino-4’-

methoxybiphenyl (6n, 92%), were obtained in high yield from the corresponding aryl bromides.
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Scheme 11. Pd@Hal catalyzed Suzuki-Miyaura cross-coupling reactions.
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3.4 Conclusion

In summary, a new, extremely useful Pd@Hal nanocomposite catalyst for Suzuki-Miyaura cross-
coupling reactions has been developed. This material produces high yields of a diverse array of coupling
products within one hour at room temperature in n-PrOH: H20 (5:2). The Pd@Hal catalytic system was
remarkably effective with both hydrophobic and hydrophilic substrates. The Pd@Hal nanocomposite
material is a cost-effective, highly efficient, and easily recyclable material. This newly developed
nanocomposite presents a significant advance in heterogeneous catalysis, exploiting the nanoporous

structure of halloysite.

3.5 Experimental

3.5.1 Materials and Methods

All reactions were carried out in oven-dried glassware under a N2 atmosphere unless indicated
otherwise. Halloysite clay was purchased from Sigma Aldrich. All other chemicals were purchased

from Alfa Aesar, Sigma Aldrich, and VWR. Halloysite was purchased from Sigma Aldrich. All

chemicals were used as received without further purification. 14 and 13c NMR spectra were

recorded at r.t. in DMSO-d6 on a Bruker 400 MHz instrument operating at a frequency of 300 MHz
for 1H NMR and 75 MHz for 13C NMR. 1H chemical shifts were referenced to the DMSO solvent

signal (2.50 ppm). 13¢ chemical shifts were referenced to the DMSO solvent signal (39.51 ppm).
Pdnp size was determined from TEM images obtained on a JEOL 2010 equipped with an EDAX

genesis energy dispersive spectroscopy (EDS) system, operated at an accelerating voltage of 200
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KV an emission current of 109 pA. ICP- AES analysis of the Pd@Hal was performed by Galbraith

Laboratories, Inc., Knoxville, TN.
3.5.2 Synthesis of 4% Pd@Hal.

A solution of Pd(OAc)2 (60 mg, 0.26 mmol) in deionized water (10 mL) was prepared in a 50 mL
Erlenmeyer flask. A solution of L-sodium ascorbate (1400 mg, 7.0 mmol) in deionized water (15
mL) was added to the palladium acetate solution, followed by the addition of a solution of trisodium
citrate (570 mg, 2.7 mmol) in deionized water (10 mL). The combined solution was allowed to stir
for 15 min at room temperature. During the first 10 min, the palladium acetate solution mixture's
initial light orange color turned black, indicating Pd nanoparticle formation. After 15 min, no more
color changes were observed, and the solution was left to rest at room temperature, open to air for
80 min. Halloysite (600 mg, 2.0 mmol) was added to the Pd nanoparticle solution, and the colloid
mixture was stirred for 15 min. The mixture was then allowed to rest at room temperature for 10
min. The mixture was centrifuged (6000 rpm), and the liquid was decanted away from the solid
residue. The residue was washed with deionized water (3 x 15 mL) and isopropyl alcohol (3 x 15
mL). The resultant powder was dried at room temperature for 24 h in a desiccator (CaSOs) to afford

4% Pd@Hal as a gray powder (620 mg).
3.5.3 Synthesis of 25% Pd@Hal.

A solution of Pd(OAC). (140 mg, 0.60 mmol) in deionized water (10 mL) was prepared in a 50 mL
Erlenmeyer flask. A solution of L-sodium ascorbate (1900 mg, 10 mmol) in deionized water (15
mL) was added to the palladium acetate solution, followed by the addition of a solution of trisodium
citrate (180 mg, 0.60 mmol) in deionized water (10 mL). The combined solution was allowed to stir
for 15 min at room temperature. During the first 10 min, the palladium acetate solution mixture's

initial light orange color turned black, indicating the formation of Pdnp. After 15 min, no more color
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changes were observed, and the solution was left to rest at room temperature open to air for 80 min.
Halloysite (180 mg, 0.60 mmol) was added to the Pdne solution, and the colloid mixture was stirred
for 15 min. The mixture was then allowed to rest at room temperature for 10 min. The mixture was
centrifuged (6000 rpm), and the liquid was decanted away from the solid residue. The residue was
washed with deionized water (3 x 15 mL) and isopropyl alcohol (2 x 15 mL). The resultant powder
was dried at room temperature for 24 h in a desiccator (CaSQO) to afford 25% Pd@Hal as a gray

powder (310 mg).
3.5.4 General Procedure: Suzuki-Miyaura Cross-Coupling Reaction

To a 50 mL round bottom flask equipped with a magnetic stir bar and a nitrogen inlet balloon, the
aryl halide (1.0, mmol 1.2 Equiv.) and the aryl boronic acid (1.2 mmol 1.2 Equiv.) was added. The
reaction mixture was flushed with nitrogen, followed by the addition of n-propanol (10.0 mL) via
syringe. The reaction mixture was allowed to stir for 5 min allowing the complete dissolution of all
solids. Cs2COs3 (652 mg, 2.0 mmol) was dissolved in (2.0 mL) of DI water, then added to the reaction
mixture via syringe. The 4% Pd@Hal (5% wt/wt) catalyst was dissolved in (2.0 mL) of DI water;
the solution was sonicated (10 min) to ensure dispersion, then added to the reaction mixture via
syringe. The reaction flask was sonicated for 10 mins then allowed to stir at room temperature. The
reaction progress was monitored by TLC. Typically, after 1 h, the catalyst was recovered by vacuum
filtration. The Pd@Hal was rinsed with ethyl acetate (20 mL) followed by DI water (20 mL) and
dried in a desiccator (CaSO4). The diluted reaction mixture was transferred to a separatory funnel,
and the organic phase was removed and filtered through a 2 cm bed of silica gel. The silica gel was
rinsed with several portions of hexanes: ethyl acetate (9:1). The organic portions were combined,
and the solvent was removed under vacuum to afford 6. TLC and NMR established purity. All
products are known compounds unless otherwise indicated, and spectral data were identical to those
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reported in the literature.
3.5.5 Large-Scale Procedure: Suzuki-Miyarua Cross-Coupling Reaction

Toa 200 mL round bottom flask equipped with a magnetic stir bar and a nitrogen inlet balloon, the

4-bromtoluene (2.05 g 12.0 mmol, 1.0 equiv.) and the 4-methoxyphenylboronic acid (1.85 g,

12.2 mmol 1.2 Equiv.) was added. The reaction mixture was flushed with nitrogen, followed by the
addition of 1-propanol (100 mL) via syringe. The reaction mixture was stirred for 10 min allowing
the complete dissolution of all solids. CsCO3 (4.20g, 13.0 mmol) was dissolved in (20 mL) of DI
water, then added to the reaction mixture via syringe. The Pd@Hal catalyst (0.100 g, 5 %wt/wt) was
dissolved in (20 mL) of DI water; the solution was sonicated (10 min) to ensure dispersion, then
added to the reaction mixture via syringe. The reaction flask was sonicated for 10 mins then allowed
to stir at room temperature. The reaction progress was monitored by TLC (9:1, hexanes: ethyl
acetate). The reaction was determined to be complete by the consumption of the bromotoluene, and
the catalyst was recovered by vacuum filtration. The Pd@Hal was rinsed with ethyl acetate (40 mL)
followed by DI water (40 mL) and dried in a desiccator (CaSQOa). The diluted reaction mixture was
transferred to a separatory funnel, and the organic phase was removed and filtered through a 2 cm
bed of silica gel. The silica gel was rinsed with several portions of (9:1, hexanes: ethyl acetate). The
organic portions were combined, and the solvent was removed under vacuum to afford 3. (2.29g,

98%). Purity was established by TLC, melting point, and NMR. Product 3 is a known compound,

and spectral data were identical to those reported in the literature. 12
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3.5.6 Recycling Studies

The Large-scale procedure was used for Cycle 1.

Pd@Hal recovery procedure:

The Pd@Hal was removed from the filter paper and added to a beaker with EtOH (20 mL), then
sonicated for 10 mins. The solid was then centrifuged down and then washed again with (15mL) DI
water followed by (15 mL) isopropyl alcohol. The solid was dried in a desiccator (CaSOa4) overnight

orinanoven at 120° for 20 mins before each subsequent cycle.
Cycles 2-11

Due to loss of material during each cycle's recovery procedure, it was necessary to adjust the reagent
amounts. A consistent catalyst was loading of 5% (wt/wt) Pd@Hal/4 Bromotoluene was

maintained.

Cycle Yield (%)
98
99
99
99
98
97
98
96
92
85
52

-

OO N0 WIN
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o

[
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3.5.7 Characterization of Coupling Products (Scheme 11).

All the products are known compounds, and the spectral data and melting points were identical

to those reported in the literature. 1H NMR is shown below each entry to illustrate the purity of

the sample.
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4-methoxy-4’-methyl-1,1"-biphenyl (6a)

White solid (0.195 g, 98%); mp 109-110 °C. [Lit. mp 107.9-108.1 °C]*

1H NMR (400 MHz, DMSO-de) 5: 7.55 (d, J = 8.8 Hz, 2H), 7.48 (d, J = 8.0 Hz, 2H), 7.21 (d, J = 7.6
Hz, 2H, 6.98 (d, J = 8.4 Hz, 2H), 3.76 (s, 3H), 2.30 (s, 3H). Identical to 1H NMR reported in the
literature.?

12 11 1@ 9 & 7 & 5 4 3 F 1

LAckermann, L.; Althammer, A. Org. Lett. 2006, 8(16), 3457-3460.
2Lu, B.; Fu, C.; Ma, S. Tetrahedron Lett, 2010, 51(9), 1284-6
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4,4’-dimethyl-1,1’-biphenyl (6b)

White solid (0.168 g, 92%); mp 118-119.5 °C. [Lit. mp 121.5-122.0 °C]*

1H NMR (400 MHz, DMSO-ds) 8: 7.50 (d, J = 8.4 Hz, 4H), 7.23 (d, ] = 8.0 Hz, 4H), 2.31 (s, 6H).
Identical to 1H NMR reported in the literature.!

12 11 10 o 8 7 & 5 | 3 2 1 j=i=1]

Cepanec, I.; Litvic, M.; Udikovic, J.; Pogorelic, I.; Lovric, M. Tetrahedron 2007, 63 (25), 5614-5621.
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4-methoxy-1,1’-biphenyl (6¢/6d)

White solid (0.178 g/0.180, 97%/98%); mp 89.2-91.1 °C. [Lit. mp 85.3-85.7°C]%

1H NMR (400 MHz, DMSO-de) 5: 7.58 (dd, J = 8.4, 1.6 Hz, 4H), 7.41 (t, ] = 7.6 Hz, 2H), 7.29 (t, J =
7.2 Hz, 1H), 7.01 (d, J = 8.8 Hz, 2H), 3.78 (s, 3H). Identical to 1H NMR reported in the literature.?

_____

12 11 10 L B 7 ] 5 4 3 2 1 PRW

iodm, 03 T.41
1.13 2.20

LAckermann, L.; Althammer, A. Org. Lett. 2006, 8(16), 3457-3460.
2Alacid, E.; Najera, C. Org. Lett. 2008, 10(21), 5011-5014
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4-fluoro-4’-methyl-1,1°-bipheny! (6e)

anYaVa

White solid (0.178 g, 96%); mp 76.5-77.1°C {Lit. mp 78-79]%

1H NMR (400 MHz, DMSO-de) 5: 7.65 (dd, J = 8.8, 5,6 Hz, 2H), 7.51 (d, J = 7.6 Hz, 2H), 7.27- 7.22
(m, 4H), 2.48 (s, 3H). Identical to IHNMR reported in the literature.?

11 10 2 B T G 5 4 3 2 1 FPm

‘1Kuriyama, M.; Shimazawa, R.; Shirai, R. Tetrahedron 2007, 63(38), 9393-9400.
Roy, A. Hartwig, J. F. J. Am. Chem. Soc. 2003, 125, 8704-5.
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4-fluoro-4’-methoxy-1,1’-biphenyl (6f)

L))o

White solid (0.198 g, 98%); mp 88.6-89.5 °C [Lit. mp: 87.3-87.8 °C]1

14 NMR (400 MHz, DMSO-dg) 6: 7.64-7.60 (m, 2H), 7.56 (d, J = 8.8 Hz, 2H), 7.23 (t, J = 8.8 Hz, 2 H),
7.00 (d, J = 8.8 Hz, 2H), 3.77 (s, 3H). Identical to 14 NMR reported in the literature.2

12 11 10 9 8 7 L 5 1 3 2 1 PRW

3,48 31,03 .30
Ll.4% 2 00

‘1Ackermann, L.; Althammer, A. Org. Lett. 2006, 8(16), 3457-3460.
2Doebele, M.; Vanderheiden, S.; Jung, N.; Brase, S. Angew. Chemie, Int. Ed. 2010, 49, 5986-5988.
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2-phenyl-naphthalene (6g)

White solid (0.197 g, 96%); mp 102.5-103. 8°C [Lit. mp 101 °C].1

IH NMR (300 MHz, DMSO-ds) 6: 8.19 (d, J = 7.2Hz, 1 H), 7.99-7.91 (m, 3 H), 7.88-7.77 (m, 3 H),
7.64-7.49 (m, 4 H), 7.40-7.35 (m, 1 H). Identical to 14 NMR reported in the literature.2

LA

12 11 13 9 | 7 & 5 4 3 2 1 ppu

‘1Alvarez-Bercedo, P.; Martin, R. J. Am. Chem. Soc. 2010, 132, 17352-17353.
2Guan, B.-T.; Wang, Y.; Li, B.J.; Yu, D.-G.; Shi, Z.-J. J. Am. Chem Soc. 2008, 130, 14468-70.
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2-(4-fluorophenyl)naphthalene (6h)
avavs
White solid (0.202 g, 91%); mp 101.1-103.2

1H NMR (300 MHz, DMSO-de) 5: 8.19 (s, 1H), 8.00-7.92 (m, 3H), 7.86-7.80 (m, 3H), 7.53-7.50 (m,
2H), 7.39 (t, J = 8.7 Hz, 2H). Identical to 1H NMR reported in the literature..

CE R
=g - kg

LR 38 L.WW
331114

!Guan, B.-T.; Wang, Y.; Li, B.J.; Yu, D.-G.; Shi, Z.-J. J. Am. Chem Soc. 2008, 130, 14468-14470.
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4’-methyl-biphenyl-4-carbonitrile (6i)

aYaas

White solid (0.182 g, 94%); mp 110.6-111.8°C [Lit. mp 110-111 °C]%

1H NMR (400 MHz, DMSO-de) 5: 7.89 (d, J = 8.4 Hz, 2H), 7.84 (d, J = 8.4 Hz, 2H), 7.64 (d, J = 8.0
Hz, 2H), 7.31 (d, J = 7.6 Hz, 2H), 2.34 (s, 3H). Identical to 1H NMR reported in the literature.2

1 9 3 7 & 5 4 3 2 1 PEm

'Wang, L.; Wang, Z.-X. Org. Lett. 2007, 9(21), 4335-4338.
2Yu, D.-G.; Yu, M.; Guan, B.-T.; Li, B.-j.; Zheng, Y.; Wu, Z.-H.; Shi, Z.-J. Org. Lett. 2009, 11(15), 3374- 3377.
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1-(4'-Methyl[1,1'-biphenyl]-4-yl)ethanone (6j)

White solid (0.194 g, 92%); mp 120.3-122.1 °C [Lit. mp 122-124 °C]1

1H NMR (300 MHz, DMSO-de) 5: 8.00 (d, J = 6.0 Hz, 2H), 7.78 (d, J = 6.0 Hz, 2H), 7.63 (d, J = 6.0
Hz, 2H), 7.29 (d, J = 5.7 Hz, 2H), 2.58 (s, 3H), 2.34 (s, 3H). Identical to 1H NMR reported in the
literature.1

12 11 1 9 ] T 6 5 4 3 2 1 FPm

Molander, G. A.; lannazzo, L. J. Org. Chem. 2011, 76 (21), 9182-7.
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3-(4-methoxyphenyl) pyridine (6k)

N=—
N\ / OCHj

Light yellow solid (0.178 g, 97%); mp 61.5-63.1 °C [Lit. mp 62-63 °C].1

14 NMR (400 MHz, DMSO-ds) 6: 8.83 (s, 1H), 8.49 (d, ] =4.0 Hz, 1H), 8.00 (d, J = 8.4 Hz, 1H), 7.66
(d, J=8.4 Hz, 2H), 7.43 (m, 1H), 7.04 (d, J = 8.4 Hz, 2H), 3.79 (s, 3H). Identical to 14 NMR reported
in the literature.

TR E]
THHT
eET PR

12 11 10 L a 7 & 5 4 3 2 1 PP

'Gavryushin, A.; Kofink, C.; Manolikakes, G.; Knochel, P. Org. Lett. 2005, 7(22), 4871-4
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3-chloro-4’-methoxy-4-methyl-1,1’-biphenyl (6l)
nYaVa
Cl

Colorless oil (0.223 g, 96%)

1H NMR (400 MHz, DMSO-de) 5: 7.63-7.59 (m, 3H), 7.48 (d, J = 8.0 Hz, 1H), 7.37 (d, J = 7.6 Hz, 1H),
6.99 (d, J = 8.4 Hz, 2H), 3.77 (s, 3H), 2.33 (s, 3H).

Anal. Calcd for C14H13CIO: C, 72.26; H, 5.63. Found: 72.18; H, 5.70.

11 1o 2 a 7 L E 4 3 2 1 FPm
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4-(4’-Methoxyphenyl) phenol (6m)

o—{_)—{)oem

White solid (0.194 g, 97%); mp 181.5-182.2 °C [Lit. mp 180-181°C].1

14 NMR (300 MHz, DMSO-de) 6: 9.41 (s, 1H), 7.47 (d, J = 8.1 Hz, 2H), 7.39 (d, J = 8.7, 2H), 6.95 (d,
J=8.7Hz, 2H), 6.79 (d, J = 9.0 Hz, 2H), 3.75 (s, 3H). Identical to 1H NMR reported in the literature.?

BN
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12 11 10 9 & T & 5 4 3 2 1 Fpa
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LAbramovitch, R. A.; Alvernhe, G.; Bartnik, R.; Dassanayake, N. L.; Inbasekaran, M. N.; Kato, S. J. Am.Chem.

Soc. 1981, 103(15), 4558-65.
Razler, T. M.; Hsiao, Y.; Qian, F.; Fu, R.; Khan, R. K.; Doubleday, W. J. Org. Chem. 2009, 74(3), 1381-4.
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(4-methoxyphenyl) aniline (6n)

Light yellow solid (0.184 g, 92%): mp 144.8-145.2 °C [Lit. mp 147°C]1®

1H NMR (300 MHz, DMSO-de) 8: 7.42 (d, J = 7.8 Hz, 2H), 7.26 (d, J = 7.2 Hz, 2H) 6.91 (d, J = 7.8 Hz,
2H), 6.60 (d, J = 6.9 Hz, 2H), 5.10 (s, 2H), 3.74 (s, 3H). Identical to 1H NMR reported in the
literature. 16

11 10 9 ] 7 & 5 4 3 2 1 Ppm

'Razler, T. M.; Hsiao, Y.; Qian, F.; Fu, R.; Khan, R. K.; Doubleday, W. J. Org. Chem. 2009, 74(3), 1381-4.
2Scheuermann, G. M.; Rumi, L.; Steurer, P.; Bannwarth, W.; Mulhaupt, R. J. Am. Chem. Soc. 2009, 131(23),
8262-8270.
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Chapter 4

Pd@Hal Nanocomposite as A Catalyst for the Hydrogenation of

Alkenes/Alkynes, and Nitro Compounds

4.1 Abstract

Pd@Hal (Pd content was 4.3% wt/wt) was shown to be useful as a hydrogenation catalyst for the
selective reduction of aromatic nitro compounds. Preliminary studies with cinnamic acid and
diphenyl acetylene afforded the hydrogenation products at ambient temperature and pressure (1
atm Hy) in ethanol: water (2:4). A catalyst loading of the Pd@Hal 10% wt/wt relative to the
alkene/alkyne (0.4% Pd/starting material, %wt/wt) afforded the corresponding saturated analogs
in nearly quantitative yields. The Pd@Hal catalyst was easily recovered and recycled with
minimum loss of catalytic activity. Subsequent studies demonstrated that Pd@Hal catalyzed the
hydrogenation of a series of aromatic nitro compounds to furnish the corresponding aromatic

amino compounds in high yield.
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4.2 Introduction

4.2.1 Hydrogenation of Nitro Compounds

Aromatic and heterocyclic amines are fundamental building blocks in industrial-scale organic
synthesis, as they are extensively used as intermediates for the production of various dyes,
pharmaceuticals, pigments, and polymers.® 2 Nitro compounds are versatile building blocks in

organic transformations, as shown in Figure 1.3

Figure 1. Nitro compound platforms in organic synthesis.

aldehydes, R-NH, ‘
ketones,carboxylic [4+2],[1,3]-dipolar
acid via Nef reaction cycloaddition products

michael adducts <«— ——» Henry adducts
alkylations, /
alkenes

acylation products

R-Nu

Reduction of nitro compounds to amines have been carried out under hydrogenation, electron-
transfer, electrochemical, and hydride-transfer conditions.” Classical methods for the preparation
of amines involve the reduction of the corresponding nitro compounds by the use of
stoichiometric Fe®19 or Zn! 12 reagents in the presence of various proton sources, or by other
catalytic protocols employing toxic reducing agents, such as H2S,*® NoHs,*4® or NaBH,.1"2
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During the past decades, catalytic hydrogenation protocols utilizing Pd/C, Pt/C, or Raney Ni as
catalysts have become the methods of choice for the reduction of nitro compounds.?° Palladium
on charcoal catalyzed hydrogenation of nitro compounds using triethylammonium formate as the

hydrogen source at elevated reaction temperatures Scheme 1.2

Scheme 1 Reduction of aromatic nitro compounds with triethylammonium formate.

NO, NH,
B 5% Pd/C
@ + EtuNH'HCO, —————
-H,0, -CO,
-Et;N

Hydrogenation of mono- and poly- nitroaromatics can also be achieved in high yields using Pd/C

catalyst via hydrogen transfer from cyclohexene in ethanol under reflux conditions Scheme 2.%2

Scheme 2. Nitro compounds reduced by transfer hydrogenation.

NH: 10% Pd/C NH:
O,N NO, @ ° O,N NH,
EtOH
Reflux

Recently, Shi et al. have reported the reduction of nitroarenes over nickel-iron mixed oxide
catalyst using hydrazine hydrate under reflux conditions Scheme 3.2% 24 A facile selective
reduction of nitro compounds catalyzed by HCOONH;-Cu nanoparticles (NPs) has also appeared

in the recent literature. %
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Scheme 3. Reduction of nitro compounds using Fe and Cu NPs.

R Cu NPs lll R
F HCOONH, == Fe NPs (3 eq.) ==
H,N \ / = \ / NO, - N/ NH,
120°C, 8-12h water, rt, 2-3h
R = CHO, COMe, CO,Me, COOH, CONH,, CN, N3, Br, Cl, SCN
These easily reducible functionalities remained unaffected

However, one critical limitation of these processes is that the active catalysts are flammable and
can readily ignite, making them air sensitive. This limitation can also present additional handling
problems. Although these heterogeneous catalysts generally display good nitro group reduction,
they are unfortunately associated with chemoselectivity issues if other reducible groups are
present in the substrate. In addition, the reduction of aromatic nitro compounds often stops at an
intermediate stage, yielding hydroxylamines, hydrazines, and azoarene products.?® Thus, high
temperatures, high pressures, and longer reaction times typically accompany the reductions of
the nitro compounds to drive the reactions to the corresponding amines. Therefore, significant
attention has been dedicated to the development of new catalytic hydrogenation systems that

display higher selectivity towards the complete and efficient reduction of nitro functionality. 2*

26-28

4.2.2 Nanoparticle-Based Hydrogenation Catalysts

More recently, metal-nanoparticle-based catalysts have emerged as attractive and green
alternatives for the hydrogenation of nitro compounds. These systems have exhibited excellent
activities and selectivity under mild reaction conditions and low H; pressures.?®-32 In addition,

heterogeneously supported nanocatalysts offer several practical advantages, such as more
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straightforward procedures for separation and recycling of the catalyst and reduced levels of
metal impurities in the final products, making these catalysts attractive from an economic and
environmental point view. It is well known that the catalytic properties of heterogeneous
catalysts depend on the metal particle size and the support surface structure.*2® Several research
groups have reported the catalytic activities of various palladium and other transition metal
nanostructured materials 36-4° supported mainly on polymeric matrixes, which have superior or at
least comparable catalytic activities to bulk metal catalysts. Vehro coworkers recently reported
developing a heterogeneous catalyst comprised of Pd nanoparticles immobilized on amino-
functionalized siliceous mesocellular foam (Pd0 — AmP-MCF) and its successful application in a
wide range of organic transformations.?® %> 42 In all cases, the Pd nanocatalyst exhibited excellent
activity and recyclability. The reduction of nitrobenzene to aniline using (polymer-anchored
anthranilic acid-PdCl> complexes) under high pressures of 500-800 psi at 70-100°C was
reported in the literature.***> As illustrated in Scheme 4, Pt nanoparticles on CNFs (Pt/CNFs)
were reported to be efficient hydrogenation catalysts for the reduction of nitroarenes to anilines

without affecting the reduction of halogen or other functional groups.*®

Scheme 4. Reduction of nitroarenes to anilines using Pt NPs on CNFs support.

H,(3-10 atm)

>|( Pt/CNF-P X
o (n-CgH,;,NH,) =7
NO > NH
Q 2 AcOEt N\ / 2
rt-500°C

X = Br, Cl, I, CONH,, CO,R, COR, OH, OBn
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Despite the wide use of several such procedures, environmental concerns, the demands of
combinatorial syntheses, and/or functional group compatibility issues continue to drive the
development of new reduction methods. In this respect, there is a strong motivation to develop
new simple, efficient, easily handled procedures that can allow the for highly chemo- and

regioselective reduction of the nitro group under mild conditions.

4.3 Result and Discussion

4.3.1 Pd@Hal Hydrogenation of Cinnamic Acid/Dihenylacetylene

As summarized in Table 1, preliminary studies with cinnamic acid and diphenylacetylene
afforded quantitative yields of hydrogenation products at ambient temperature using and pressure
(1 atm Hy) in various solvents, including ethanol and water. The Pd@Hal nanocomposite Pd
content was 4.3%, and the loading of nanocomposite used was 10% wt/wt relative to the
alkene/alkyne (0.4% Pd/alkene, %wt/%wt). The hydrogenations were equally effective using

water or ethanol as the solvent.
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Table 1. Preliminary studies with cinnamic acid and diphenylacetylene.

—

4% Pd@Hal (10%wt/wt) CO,H
water, r.t.
o= ——w——— U
4% Pd@Hal (10%wt/wt) O
water, r.t.
Entry Alkene/Alkyne Solvent Yield (%)
1 Cinnamic acid EtOH 100
2 Cinnamic acid Water 98
3 Diphenylacetylene EtOH 97
4 Diphenylacetylene Water 88

4.3.2 Recycling Investigation

After the initial hydrogenation of cinnamic acid and diphenylacetylene, the Pd@Hal catalyst was
recovered by simple filtration. The catalyst was washed and dried. It could then be reused
without loss of activity or structural change to the nanocomposite. Table 2. summarizes the
recycling studies. In both reactions, the catalyst could recycle with minimum loss of catalytic
activity. It was not until the in-5th cycle that significantly diminished yields were observed for

each compound.
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Table 2. Hydrogenation recycling investigation.

alkene/alkyne/solvent

[s}

<
(@,
o

conversion (%)
100
98
95
86
82
97
92
87
87
84

cinnamic acid/H20

diphenylacetylene/H20

NP WINIPIUORIWIN|E

Figure 2. TEM image of Pd@Hal nanocomposite before use
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Figure 3. TEM image of Pd@Hal nanocomposite after use

To further demonstrate this utility of the Pd@Hal catalyst system for the hydrogenation reaction,
the reduction of a series of substituted nitrobenzenes was investigated. As summarized in
Scheme 5, the Pd@Hal catalyst demonstrated high reactivity and selectivity in the presence of a
variety of functional groups to afford the substituted anilines in excellent yields under very mild
conditions. In all examples, product formation began immediately, and within 8h, the starting
nitro group was fully reduced to the amine. The reaction conditions equally tolerated both
hydrophobic and hydrophilic substrates. It is noteworthy that the reduction of the nitro group

proceeded without affecting the reduction of halogen or other functional groups.
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Scheme 5. Nitro-compound hydrogenation using Pd@Hal.
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4.4 Conclusion

In conclusion, a reproducible method for the preparation of a new transition metal catalyst
system based on Pd@halloysite nanocomposites has been developed. These nanocomposite
materials are an efficient catalyst for the hydrogenation of various aromatic nitro compounds
under ambient conditions. The catalyst is recoverable and recyclable without significant loss of
catalytic activity. Furthermore, the catalyst proved to be robust and stable. The Pd@Hal
nanocomposite is a new heterogenous catalyst for palladium-catalyzed reactions. This
nanocomposite material is a cost-effective, highly efficient, recyclable, and environmentally
friendly prototypical transition metal nanoparticle catalyst with a broadening scope of synthetic

utility.

4.5 Experimental

45.1 Materials and Methods

All reactions were carried out in oven-dried glassware under a Hz atmosphere unless indicated
otherwise. Halloysite clay was purchased from Sigma Aldrich. All other chemicals were

purchased from Alfa Aesar, Sigma Aldrich, and VWR. Halloysite was purchased from Sigma

Aldrich. All chemicals were used as received without further purification. 14 and 13c NMR

spectra were recorded at r.t. in CDCls on a Bruker 300 MHz instrument operating at a frequency
of 300 and 400 MHz for 1H NMR and 75 MHz for 13C NMR. 1H chemical shifts were

referenced to the CDClIs solvent signal (7.26 ppm). 13¢ chemical shifts were referenced to the

CDCls solvent signal (77.0 ppm). Pdne size was determined from TEM images obtained on a

206



JEOL 2010 equipped with an EDAX genesis energy dispersive spectroscopy (EDS) system,
operated at an accelerating voltage of 200 KV an emission current of 109 pA. ICP- AES analysis

of the Pd@Hal was performed by Galbraith Laboratories, Inc., Knoxville, TN.
4.5.2 Synthesis of 4% Pd@Hal.

A solution of Pd(OAC)2 (60 mg, 0.26 mmol) in deionized water (10 mL) was prepared in a 50 mL
Erlenmeyer flask. A solution of L-sodium ascorbate (1400 mg, 7.0 mmol) in deionized water (15
mL) was added to the palladium acetate solution, followed by the addition of a solution of
trisodium citrate (570 mg, 2.7 mmol) in deionized water (10 mL). The combined solution was
allowed to stir for 15 min at room temperature. During the first 10 minutes, the palladium acetate
solution mixture's initial light orange color turned black, indicating Pd nanoparticles' formation.
After 15 min, no more color changes were observed, and the solution was left to rest at room
temperature, open to air for 80 min. Halloysite (600 mg, 2.0 mmol) was added to the Pd
nanoparticle solution, and the colloid mixture was stirred for 15 min. The mixture was then
allowed to rest at room temperature for 10 min. The mixture was centrifuged (6000 rpm), and the
liquid was decanted away from the solid residue. The residue was washed with deionized water
(3 x 15 mL) and isopropyl alcohol (3 x 15 mL). The resultant powder was dried at room

temperature for 24 h in a desiccator (CaSOas) to afford 4% Pd@Hal as a gray powder (620 mg).
4.5.3 General Procedure for Hydrogenation of Nitro-Compounds

Toa 10 mL round bottom flask equipped with a magnetic stir bar and a nitrogen inlet
balloon, the nitro compound (1.0, mmol) was added. The reaction mixture was flushed
with nitrogen, followed by the addition of EtOH (4.0 mL) via syringe. The reaction

mixture was allowed to stir for 5 min allowing the complete dissolution of all solids. The
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4% Pd@Hal (0.4% wt/wt) catalyst was dissolved in (2.0 mL) of DI water; the solution was
sonicated (10 min) to ensure dispersion, then added to the reaction mixture via syringe.
The reaction was placed under Hz (1 atm). The reaction flask was sonicated for 10 mins
then allowed to stir at room temperature. The reaction progress was monitored by TLC.
Typically, after 8 h, the catalyst was recovered by vacuum filtration. The Pd@Hal was
rinsed with EtOH (10 mL) followed by DI water (4.0 mL) and dried in a desiccator
(CaSO0s4). The solvent was removed under vacuum to afford reduced aniline product. TLC
and NMR established purity. All products are known compounds unless otherwise

indicated, and spectral data were identical to those reported in the literature.
45.4 Pd@Hal Recovery Procedure:

The Pd@Hal was removed from the filter paper and added to a beaker with EtOH (20 mL), then
sonicated for 10 mins. The solid was then centrifuged down and then washed again with (15 mL)
DI water followed by (15 mL) isopropyl alcohol. The solid was dried in a desiccator (CaSQOa)

overnight or in an oven at 120° for 20 mins before each subsequent cycle.

Due to loss of material during each cycle's recovery procedure, it was necessary to adjust the
reagent amounts. A consistent catalyst was loading of 4% (wt/wt) Pd@Hal/alkene/alkyne was

maintained.
4.5.5. Characterization of Hydrogenation Products (Scheme 5).

All the products are known compounds, and the spectral data were identical to those reported in
the literature. *H NMR spectra were identical to spectra in the Spectral Database for organic
compounds. SDBSWeb: https://sdbs.db.aist.go.jp (National Institute of Advanced Industrial

Science and Technology)
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4-toluidine [106-49-0]

: NH,

Light yellow solid (89 mg, 83%).

IH NMR (400 MHz, CDCl3) &: 7.04 (d, J = 7.5 Hz, 2H), 6.67 (d, J= 6.7 Hz, 2H), 3.56 (s, 2H, -
NH2), 2.32 (s, 3H)

Cumidine [99-88-7]

Light yellow solid (156 mg, 99%).
'H NMR (400 MHz, CDCls) &: 7.02 (d, J=8.0 Hz, 2H), 6.63 (d, J=8.0 Hz, 2H), 3.27 (s, 2H), 2.84
—2.75 (m, 1H), 1.20 (d, J=6.8 Hz, 6H)

4-amino benzaldehyde [556-18-3]

NH,
H j‘(@/

o
Orange solid (125 mg, 99%).

IH NMR (300 MHz, CDCls) 5: 6.66 (d, J = 8.4 Hz, 2H), 7.57 (d, J = 8.4 Hz, 2H), 9.61 (s,1H).
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1,4-benzenediamine [106-50-3]

NH,
H,N” :

2

Dark purple solid (83 mg, 77%).

IH NMR (400 MHz, CDCls) &: 6.57 (s, 4H), 3.32 (s, 4H).

6-Amino-1,3-benzodioxole-5-carbaldehyde [23126-68-3]

Red solid (152 mg, 92%).

IH NMR (300 MHz, CDCls) 5: 9.53 (s, 1H), 6.74 (s, 1H), 6.22 (5, 2H), 6.07 (s, 1H), 5.85 (5, 2H).

Methyl 3-aminobenzoate [4518-10-9]

NH,
/O\[(@

(0]
Light orange solid (182 mg, 99%).

IH NMR (300 MHz, CDCls) 5: 7.43 (d, J = 7.7 Hz, 1H), 7.36 (s, 1H), 7.28 — 7.15 (m, 1H), 6.87
(d, J = 10.3 Hz, 1H), 3.89 (s, 3H), 3.14 (s, 2H).
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2-amino benzyl alcohol [5344-90-1]

NH,
©/\/OH

Light orange solid (134 mg, 99%).

IH NMR (400 MHz, DMSO-dg) &: 4.40 (d, J = 5.4 Hz, 2H), 4.91 (s, 2H), 5.01 (t, J = 5.4 Hz, 1H),
6.54 (t, J = 7.4 Hz, 1H), 6.64 (d, J = 7.4 Hz, 1H), 6.98 (t, J = 7.4 Hz, 1H), 7.07 (d, J = 7.4 Hz,
1H).

4-amino benzyl alcohol [623-04-1]

NH,
o

Dark orange solid (192 mg, 99%).
'H NMR (400 MHz, DMSO-ds) &: 4.31 (d, J= 5.87 Hz, 2H), 4.82 (t, J= 5.6 Hz, 1H), 4.95 (s, 2H),
6.52 (d, J= 8.2 Hz, 2H), 6.98 (d, J= 8.2 Hz, 2H).

Mesodine [88-05-1]

NH,

Light orange solid (132 mg, 98%).

IH NMR (400 MHz, CDCl3) &: 6.76 (s, 2H), 3.43 (s, 2H), 2.20 (s, 3H), 2.15 (s, 6H).

211



4.6

10.

11.

12.

References

Downing, R. S.; Kunkeler, P. J.; van Bekkum, H., Catalytic syntheses of aromatic
amines. Catalysis Today 1997, 37 (2), 121-136.

Besson, M.; Pinel, C., Diastereoselective Heterogeneous Catalytic Hydrogenation of
Aromatic or Heteroaromatic Compounds. Topics in Catalysis 2003, 25 (1), 43-61.

The Nitro Group in Organic Synthesis N. Ono. Wiley-VCH: Weinheim. 2001. 372 pp.
DM 315. ISBN 0-471-31611-3. Organic Process Research & Development 2001, 5 (6),
668-668.

Pinnick, H. W., The Nef Reaction. In Organic Reactions, pp 655-792.

Williams, D. R.; Brugel, T. A., Intramolecular Diels—Alder Cyclizations of (E)-1-Nitro-
1,7,9-decatrienes: Synthesis of the AB Ring System of Norzoanthamine. Organic Letters
2000, 2 (8), 1023-1026.

Trost, B. M.; Yeh, V. S. C.; Ito, H.; Bremeyer, N., Effect of Ligand Structure on the
Zinc-Catalyzed Henry Reaction. Asymmetric Syntheses of (—)-Denopamine and (—)-
Arbutamine. Organic Letters 2002, 4 (16), 2621-2623.

Basu, B.; Das, P.; Das, S., Transfer hydrogenation using recyclable polymer-supported
formate (PSF): Efficient and chemoselective reduction of nitroarenes. Molecular
Diversity 2005, 9 (4), 259-262.

Liu, Y.; Lu, Y.; Prashad, M.; Repic, O.; Blacklock, T. J., A Practical and
Chemoselective Reduction of Nitroarenes to Anilines Using Activated Iron. Advanced
Synthesis & Catalysis 2005, 347 (2-3), 217-219.

Desai, D. G.; Swami, S. S.; Dabhade, S. K.; Ghagare, M. G., FeS-NH4CI-CH3OH-
H20: An Efficient and Inexpensive System for Reduction of Nitroarenes to Anilines.
Synthetic Communications 2001, 31 (8), 1249-1251.

Wang, L.; Li, P.; Wu, Z.; Yan, J.; Wang, M.; Ding, Y., Reduction of Nitroarenes to
Aromatic Amines with Nanosized Activated Metallic Iron Powder in Water. Synthesis
2003, 2003 (13), 2001-2004.

Kelly, S. M.; Lipshutz, B. H., Chemoselective Reductions of Nitroaromatics in Water at
Room Temperature. Organic Letters 2014, 16 (1), 98-101.

Khan, F. A.; Dash, J.; Sudheer, C.; Gupta, R. K., Chemoselective reduction of aromatic
nitro and azo compounds in ionic liquids using zinc and ammonium salts. Tetrahedron
Letters 2003, 44 (42), 7783-7787.

212



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Ratcliffe, C. T.; Pap, G., Catalytic reduction of dinitroaromatic compounds with
hydrogen sulphide—carbon monoxide. A novel, low-cost replacement for elemental
hydrogen. Chemical Communications 1980, (6), 260-261.

Cantillo, D.; Moghaddam, M. M.; Kappe, C. O., Hydrazine-mediated reduction of nitro
and azide functionalities catalyzed by highly active and reusable magnetic iron oxide
nanocrystals. Journal of Organic Chemistry 2013, 78 (9), 4530-42.

Huang, L.; Wang, Z.; Geng, L.; Chen, R.; Xing, W.; Wang, Y.; Huang, J., Selective
and recyclable rhodium nanocatalysts for the reductive N-alkylation of nitrobenzenes and
amines with aldehydes. RSC Advances 2015, 5 (70), 56936-56941.

Kim, S.; Kim, E.; Kim, B. M., Fe304 Nanoparticles: A Conveniently Reusable Catalyst
for the Reduction of Nitroarenes Using Hydrazine Hydrate. Chemistry — An Asian
Journal 2011, 6 (8), 1921-1925.

Petkar, D. R.; Kadu, B. S.; Chikate, R. C., Highly efficient and chemoselective
transfer hydrogenation of nitroarenes at room temperature over magnetically separable
Fe—Ni bimetallic nanoparticles. RSC Advances 2014, 4 (16), 8004-8010.

Li, L.; Chen, Z.; Zhong, H.; Wang, R., Urea-Based Porous Organic Frameworks:
Effective Supports for Catalysis in Neat Water. Chemistry-A European Journal 2014,
20 (11), 3050-3060.

Layek, K.; Kantam, M. L.; Shirai, M.; Nishio-Hamane, D.; Sasaki, T.; Maheswaran,
H., Gold nanoparticles stabilized on nanocrystalline magnesium oxide as an active
catalyst for reduction of nitroarenes in aqueous medium at room temperature. Green
Chemistry 2012, 14 (11), 3164-3174.

Blaser, H.-U.; Steiner, H.; Studer, M., Selective Catalytic Hydrogenation of
Functionalized Nitroarenes: An Update. Chemistry Europe Academic Journals:
ChemCatChem 2009, 1 (2), 210-221.

Cortese, N. A.; Heck, R. F., Palladium-catalyzed reductions of halo- and nitroaromatic
compounds with triethylammonium formate. The Journal of Organic Chemistry 1977, 42
(22), 3491-3494.

Entwistle, I. D.; Johnstone, R. A. W.; Povall, T. J., Selective, rapid transfer-
hydrogenation of aromatic nitro-compounds. Journal of the Chemical Society, Perkin
Transactions 1 1975, (13), 1300-1301.

Dey, R.; Mukherjee, N.; Ahammed, S.; Ranu, B. C., Highly selective reduction of

nitroarenes by iron(0) nanoparticles in water. Chemical Communications 2012, 48 (64),
7982-7984.

213



24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Saha, A.; Ranu, B., Highly Chemoselective Reduction of Aromatic Nitro Compounds by
Copper Nanoparticless/Ammonium Formate. The Journal of Organic Chemistry 2008, 73
(17), 6867-6870.

Yu, C.; Liu, B.; Hu, L., Samarium(0) and 1,1°-Dioctyl-4,4‘-Bipyridinium Dibromide: A
Novel Electron-Transfer System for the Chemoselective Reduction of Aromatic Nitro
Groups. The Journal of Organic Chemistry 2001, 66 (3), 919-924.

Jagadeesh, R. V.; Surkus, A. E.; Junge, H.; Pohl, M. M.; Radnik, J.; Rabeah, J.; Huan,
H.; Schunemann, V.; Bruckner, A.; Beller, M., Nanoscale Fe203-based catalysts for
selective hydrogenation of nitroarenes to anilines. Science 2013, 342 (6162), 1073-6.

Céardenas-Lizana, F.; de Pedro, Z. M.; Gomez-Quero, S.; Keane, M. A., Gas phase
hydrogenation of nitroarenes: A comparison of the catalytic action of titania supported
gold and silver. Journal of Molecular Catalysis A: Chemical 2010, 326 (1), 48-54.

Chernichenko, K.; Madarész, A.; Papai, I.; Nieger, M.; Leskeld, M.; Repo, T., A
frustrated-Lewis-pair approach to catalytic reduction of alkynes to cis-alkenes. Nature
Chemistry 2013, 5 (8), 718-23.

Verho, O.; Gustafson, K. P. J.; Nagendiran, A.; Tai, C.-W.; Backvall, J.-E., Mild and
Selective Hydrogenation of Nitro Compounds using Palladium Nanoparticles Supported
on Amino-Functionalized Mesocellular Foam. Chemistry Europe Academic Journals:
ChemCatChem 2014, 6 (11), 3153-31509.

Li, Z.; Li,J.; Liu,J.; Zhao, Z.; Xia, C.; Li, F., Palladium Nanoparticles Supported on
Nitrogen-Functionalized Active Carbon: A Stable and Highly Efficient Catalyst for the
Selective Hydrogenation of Nitroarenes. Chemistry Europe Academic Journals:
ChemCatChem 2014, 6 (5), 1333-1339.

Furukawa, S.; Yoshida, Y.; Komatsu, T., Chemoselective Hydrogenation of Nitrostyrene
to Aminostyrene over Pd- and Rh-Based Intermetallic Compounds. American Chemcial
Society: Catalysis 2014, 4 (5), 1441-1450.

Pandarus, V.; Ciriminna, R.; Béland, F.; Pagliaro, M., A New Class of Heterogeneous
Platinum Catalysts for the Chemoselective Hydrogenation of Nitroarenes. Advanced
Synthesis & Catalysis 2011, 353 (8), 1306-1316.

Vanden Bout, D. A., Metal Nanoparticles: Synthesis, Characterization, and Applications
Edited by Daniel L. Feldheim (North Carolina State University) and Colby A. Foss, Jr.
(Georgetown University). Marcel Dekker, Inc.: New York and Basel. 2002. ISBN: 0-
8247-0604-8. Journal of the American Chemical Society 2002, 124 (26), 7874-7875.

Stiles, A. B., Catalyst Supports and Supported Catalysts. Butterworth
Publishers,Stoneham, MA: 1987; Pages: 320.

214



35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Boudart, M.; Davis, B. H.; Heinemann, H., Introduction. In Handbook of Heterogeneous
Catalysis, 1997; pp 1-48.

Bonnemann, H.; Brijoux, W.; Brinkmann, R.; Fretzen, R.; Joussen, T.; Koppler, R.;
Korall, B.; Neiteler, P.; Richter, J., Preparation, characterization, and application of fine
metal particles and metal colloids using hydrotriorganoborates. Journal of Molecular
Catalysis 1994, 86 (1), 129-177.

Klabunde, K. J.; Tanaka, Y., The building of a Catalytic metal particle one atom at a
time: solvated metal atom dispersed Catalysts. Journal of Molecular Catalysis 1983, 21
(1), 57-79.

Bradley, J. S.; Millar, J. M.; Hill, E. W., Surface chemistry on colloidal metals: a high-
resolution NMR study of carbon monoxide adsorbed on metallic palladium crystallites in
colloidal suspension. Journal of the American Chemical Society 1991, 113 (10), 4016-
4017.

Seregina, M. V.; Bronstein, L. M.; Platonova, O. A.; Chernyshov, D. M.; Valetsky, P.
M.; Hartmann, J.; Wenz, E.; Antonietti, M., Preparation of Noble-Metal Colloids in
Block Copolymer Micelles and Their Catalytic Properties in Hydrogenation. Chemistry
of Materials 1997, 9 (4), 923-931.

Schmid, G.; Emde, S.; Maihack, V.; Meyer-Zaika, W.; Peschel, S., Synthesis and
catalytic properties of large ligand stabilized palladium clusters. Journal of Molecular
Catalysis A: Chemical 1996, 107 (1), 95-104.

Verho, O.; Nagendiran, A.; Johnston, E. V.; Tai, C.-w.; Backvall, J.-E., Nanopalladium
on Amino-Functionalized Mesocellular Foam: An Efficient Catalyst for Suzuki Reactions
and Transfer Hydrogenations. Chemistry Europe academic journals ChemCatChem
2013, 5 (2), 612-618.

Verho, O.; Nagendiran, A.; Tai, C.-W.; Johnston, E. V.; Backvall, J.-E., Nanopalladium
on Amino-Functionalized Mesocellular Foam as an Efficient and Recyclable Catalyst for
the Selective Transfer Hydrogenation of Nitroarenes to Anilines. Chemistry Europe
Academic Journals ChemCatChem 2014, 6 (1), 205-211.

Baralt, E.; Holy, N., Hydrogenation of nitro compounds with an anthranilic acid polymer-
bound catalyst. The Journal of Organic Chemistry 1984, 49 (14), 2626-2627.

Banerjee, T. K.; Sen, D., Homogeneous reduction of aromatic nitro compounds by a
triphenylphosphine complex of palladium. Journal of Chemical Technology and
Biotechnology 1981, 31 (1), 676-682.

Mukkanti, K.; Subba Rao, Y. V.; Choudary, B. M., Selective and sequential reduction of

nitroaromatics by montmorillonitesilylaminepalladium(ll) complex. Tetrahedron Letters
1989, 30 (2), 251-252.

215



46.  Takasaki, M.; Motoyama, Y.; Higashi, K.; Yoon, S.-H.; Mochida, I.; Nagashima, H.,
Chemoselective Hydrogenation of Nitroarenes with Carbon Nanofiber-Supported
Platinum and Palladium Nanoparticles. Organic Letters 2008, 10 (8), 1601-1604.

216



Chapter 5

Ambient Pressure Ir@Hal Catalyzed Hydrogenation of Phenol,

Aldehydes, and Ketones

5.1 ABSTRACT

A reliable method for encapsulating iridium nanoparticles (6-8 nm particles) in halloysite
furnished the Ir@Hal catalyst with over 97% of the Ir nanoparticles exclusively captured within
the clay nanoscroll. The Ir@Hal nanocomposite was found to be a highly efficient catalyst for
the hydrogenation and transfer hydrogenation of phenol to furnish cyclohexanol (93-95% yield)
at ambient pressure at 50 °C. The catalytic system was also effective for hydrogenating
aldehydes and ketones with a broad scope of substrates. Further, the catalyst was easily

recovered and recycled without significant loss of catalytic activity over multiple trials.
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5.2 Introduction

5.2.1 Sustainable Production

The green and sustainable production of chemical feedstocks has been an essential focus
of the biorefinery industry over the past decade.? Various strategies for converting
biomass into different platform chemicals have been developed to reduce dependence on
fossil-fuel-derived chemicals.®® However, to fully achieve the product manufacturing
environmentally-friendly goals, the development of green and sustainable methods for
converting biomass-derived platform chemicals into fine intermediate chemicals and

building blocks remains a fundamental challenge to the chemical industry.

Cyclohexanol is an essential intermediate industrial chemical obtained from the
lignan-biomass platform chemical phenol.® 1° The hydrogenation of phenol is a preferable
process for cyclohexanol production over cyclohexane oxidation methods. The
hydrogenation methods are generally more energy-efficient and produce less waste than
oxidation methods.** 2 Thus, a wide range of materials have been explored for the
hydrogenation of phenol. These include various solid-supported transition metal catalysts
(Pd*?>24) Pt?5, Ru?®, Rh?"-2° Ni%0-%2 and Ir®. Different Palladium systems have exhibited
good selectivity for the formation of either cyclohexanone or cyclohexanol from phenol
hydrogenation in aqueous media® 1*2°. However, phenol hydrogenation's selectivity was
also shown to depend upon the chemical nature of the solid support. Supports like SiO>
and Al>O3 favored cyclohexanone formation, while oxophilic supports like ZnO> have
been reported to suppress cyclohexanone and cyclohexanol formation instead of

conversion to benzene!® 213233,
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As part of a program aimed at the elucidation of the chemical utility of the natural
scrolled clay halloysite (Hal)3*3¢ as solid support for transition metal nanoparticles, it was
of interest to investigate the reactivity of transition metal nanoparticle halloysite
nanocomposites (M@Hal) as catalysts for the hydrogenation of phenol. As an
aluminosilicate, halloysite would be expected to favor cyclohexanone or cyclohexanol
formation over the formation of benzene. Previous work with Pd@Hal in cross-coupling
reactions and the hydrogenation of alkenes and nitro compounds demonstrated the
nanocomposite exhibited high catalytic activity levels in aqueous media with excellent
recyclability.®” Therefore, it was envisaged that a M@Hal nanocomposite could be
developed for the ambient hydrogenation of phenol. To this end, an iridium system was
envisaged as a target due to the greater oxophilicity of iridium relative to other noble
metals.®® Herein, we describe the synthesis and catalytic activity of an Ir@Hal valuable

nanocomposite for the selective conversion of phenol into cyclohexanol.

5.3 Results and Discussion

5.3.1 Synthesis and Characterization of Ir@Hal

Intending to prepare a nanocomposite material consisting of iridium nanoparticles (Irnpe)
encapsulated in halloysite (Ir@Hal), our initial focus was synthesizing appropriately sized
Irne. There have been several reports describing the preparation of IrNP; however, it was
necessary to use a process compatible with encapsulation in halloysite in water. Previous
work with palladium nanoparticles had identified trisodium citrate as an ideal capping

agent for halloysite encapsulation.®” Thus, the synthesis of Irne was explored with iridium
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chloride and various reducing agents (ascorbic acid, sodium ascorbate, sodium
cyanoborohydride, and sodium borohydride) trisodium citrate as the capping agent in
water. It was found that IrCls/NaBHua/trisodium citrate in the molar ratio 1.0/1.3/1.2 in
water gave monodispersed Irne (Figure 1) of appropriate size for encapsulation. For a
comparison, Irne Were also prepared from iridium chloride/NaBH4 using PVP or CTAB
as the capping agent. However, as anticipated, the Irne prepared under these conditions

was too large to ultimately fit within the halloysite nanoscroll.

To achieve encapsulation of the Irne within the halloysite, our initial approach was
to use the preformed monodispersed Irnp obtained from the conditions described above.
However, this two-step approach was unsuccessful and only afforded agglomerated
material when combined with halloysite (Table 1, entries 1 - 2). We then attempted a
one-step preparation of Ir@Hal, in which the Irne were formed in the presence of
halloysite. As summarized in Table 1 (entries 3-9), increasing the amount of reducing
agent (NaBH4) and capping agent (trisodium citrate) relative to iridium chloride in an

agueous suspension of halloysite led to the encapsulation of the Irnp.

Figure 1. Optimized synthesis of Ir@Hal

halloysite

trisodium citrate '
II'CI; + NaBH. —————— g
H,0

Ir@Hal
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Table 1. Optimized synthesis of Ir@Hal

trisodium
IrCls Hal citrate NaBH4
Entry (mmol) (mmol) (mmol) (mmol) Results

1 0.60 1.2 1.2 0.80 No encapsulation

Agglomeration®
2 0.60 1.2 1.6 0.80 '}%gﬁ‘ga RS
3 0.60 1.2 2.4 0.80 RO,
4 0.60 0.60 2.4 0.80 ,&gng(]:ﬁ?r%ue'raatt'i%rr]{b
5 0.12 0.12 24 1.2 R,
6 0.60 0.60 6.0 2.4 Encapsulation®
7 1.2 1.2 6.0 2.4 Encapsulation®
8 0.60 0.60 12.0 2.4 Encapsulation®
9 0.60 0.60 20.0 2.4 Encapsulation®
10 0.60 0.60 6.0 2.4 Encapsulation®

aConditions: Preformed Irnp added to Hal (two-step process).
bConditions: Irne formed in the presence of Hal (one-step process).

The degree to which the Irne were encapsulated versus agglomerated outside of the nanoscroll
was determined from TEM images. Initial attempts to form an Ir@Hal nanocomposite material
focused on a 1:2 IrClz:Hal molar ratio (Table 1, entry 3) with a four-fold excess of trisodium
citrate. This initial attempt resulted in good encapsulation of the Irnp in halloysite; however,
there was significant agglomeration of the Irnp outside of the scrolls, resulting in incomplete
encapsulation of Irne. Decreasing the amount of the halloysite did not improve encapsulation
(Table 1, entry 4). Decreasing the reagent concentrations (Table 2, entry 5) also did not increase
the amount of encapsulated Irnp relative to agglomeration. It was not until the amount of capping

agent was significantly increased that improved encapsulation was observed. An optimum level
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of encapsulation was achieved with a 10-fold increase in the relative amount of trisodium citrate
and a four-fold increase of the reducing agent NaBH4. (Table 1, entry 6). TEM images (Fig. 1a)
of the sample show that the bulk of Irne was encapsulated, with no agglomeration on the
halloysite surface or agglomerates outside of the scrolls. The size of encapsulated Irne averaged
between 8 - 9nm. This approach (Table 1, entry 6) resulted in 98% Ir loading [based on IrCl3] to
furnish an Ir@Hal nanocomposite that was 15% Ir content (weight percent) as determined by

ICP-AES analysis.

It was subsequently determined that encapsulation could be scaled up to a 1.2 mmol scale
to afford fully encapsulated Ir@Hal (Table 1, entry 7). Using higher amounts of trisodium citrate
also afforded excellent encapsulation (Table 1, entries 8-9). However, it was later determined

that the excess capping agent present in these nanocomposites decreased the catalytic activity.

The results of the one-step encapsulation studies revealed the importance of the capping agent
for the nanoparticle to be drawn into the halloysite lumen. To establish that the trisodium citrate
concentration was an essential component of the encapsulation process, the two-step process was
repeated using the conditions that successfully led to the encapsulation of the Irne (Table 1, entry
6). As indicated in Table 1, entry 10, monodispersed Irne were prepared separately with a 10-
fold excess of trisodium citrate and four-fold excess of sodium borohydride. The Irne were then
dispersed in an aqueous solution of halloysite. In contrast to our initial attempt (Table 1, entry

1), all the Irne were encapsulated with little agglomeration observed (Fig. 1b).

Characterization of the Ir@Hal by XRD confirmed the presence of the Ir(0) nanoparticles (Figs.
2). XRD spectrum shows the presence of broad reflection lines indicating the diffraction by very

small crystals. The four diffraction peaks were assigned as corresponding to the Ir(0) (111),
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(200), (220), and (311) reflection planes. The Ir sample's diffraction pattern peaks appeared at

20 angles of 44.12, 46.78, 69.67, and 76.57 and were consistent with previous reports.34

Figure 2. TEM image of Ir@Hal prepared using conditions described in (a) Table 1, entry 6; (b)
Table 1, entry 10.

(b)

Figure 3. XRD spectrum of Ir@Hal (red) raw halloysite (blue) Ir@Hal nanocomposite (green)
Ir (0) nanoparticles.
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5.3.2 Hydrogenation of Phenol with Ir@Hal Catalyst

With the Ir@Hal in hand, our attention turned to the evaluation of the nanocomposite as a
catalyst for the hydrogenation of phenol. As summarized in Table 2, a series of reaction
conditions were explored with various solvents and hydrogen sources to convert phenol into
cyclohexanol. Using hydrogen (1 atm, balloon), the reduction of phenol to afford cyclohexanol
was readily achieved in aqueous isopropanol (iPrOH:H20, 5:2) at 50°C, 12 h (Table 2, entry 3).
The reaction proceeded with 100% conversion of phenol and 95% isolated yield of cyclohexanol.
Under these conditions, 10%wt of the Ir@Hal nanocomposite (1.5% Ir metal) was used relative
to phenol. The hydrogenation did not occur in water alone nor at temperatures below 50°C
(Table 2, entries 1-2). Decreasing the catalyst loading from 10 wt% Ir@Hal to 5 wt% or 1 wt%
Ir@Hal relative to phenol (Table 2, entries 4-5) only slightly decreased the yield but

significantly lengthened the reaction times with incomplete conversion of phenol.

It was noteworthy that the reaction did proceed without hydrogen, using only iPrOH as the
hydrogen source.*® While the hydrogen transfer conditions proceeded to give cyclohexanol in
high yield (93%), the reaction times were significantly longer for complete conversion Attempts
to use formic acid or sodium formate as the hydrogen source were unsuccessful (Table 2, entries
7-8). Under acidic conditions, decomposition of the Ir@Hal catalyst was observed, while sodium

formate in aqueous ethanol gave no observable reduction products.
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Table 2. Optimized hydrogenation of phenol to cyclohexanol

t

e
Entry Ir@Hal hydrogen solvent T(°C), time (h) Yield
(Wt%0) source (%)
1 10 H2 (1 atm) H20 25-90 °C, 24 h NR
2 10 H> (1 atm) IPrOH:H.0 (5:2) 25°C, 12 h NR
3 10 H> (1 atm) IPrOH:H20 (5:2) 50 °C, 12 h 95
4 5 H> (1 atm) IPrOH:H.0 (5:2) 50 °C, 48 h 88
5 1 H> (1 atm) IPrOH:H.0 (5:2) 50 °C, 72 h 72
6 10 iPrOH IPrOH:H20 (5:2) 50 °C, 24 h 93
7 10 HCOzH IPrOH:H.0 (5:2) 50 °C, 24 h DR
8 10 HCO.Na EtOH:H-0 (5:2) 25-50 °C, 24 h NR
9 10 H> (1 atm) hexane 50 °C, 24 h NR
10 10 H2 (1 atm) | hexane:IPrOH (1:1) 50 °C, 24 h 40

In addition, attempts to do the reduction in a non-polar solvent (hexane) caused the Ir@Hal to

aggregate and was inactive. Some catalyst activity could be achieved in a mixture of

hexane:iPrOH, but poor dispersion resulted in low conversion and poor yields.
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5.3.3 Hydrogenation of Aldehydes and Ketones with Ir@Hal Catalyst

The highly selective conversion of phenol into cyclohexanol suggested that the Ir@Hal
nanocomposite was very reactive toward hydrogenation of the keto/enol forms cyclohexanone
that have been postulated as intermediates in the overall reduction process.*® 164" The fact that
cyclohexanone was never observed in the product mixture indicated that the hydrogenation of
keto/enol intermediate resulting from the aromatic ring's initial reduction occurred readily upon
formation. Several heterogenous iridium systems have been reported as effective catalysts for the
reduction of ketones and aldehydes.*® 4° Therefore, it was interesting to explore the catalytic

activity of Ir@Hal to reduce cyclohexanone and other carbonyl compounds.

As summarized in Table 3, a series of aldehydes and ketones were easily reduced to
alcohols using Ir@Hal in aqueous isopropanol. Initially, cyclohexanone was reduced to
cyclohexanol in nearly quantitative yield (99%, Table 3, entry 1) under a balloon of hydrogen at
50°C. However, as anticipated, the highly reactive nanocomposite afforded cyclohexanol in
similar yield at room temperature (99%, Table 3, entry 2). In addition, transfer-hydrogenation
was equally effective at room temperature with aqueous isopropanol and elevated temperature

with sodium formate in aqueous ethanol (99%, Table 3, entry 1).
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Table 3. Ir@Hal catalyzed hydrogenation of carbonyl compounds

Entry carbonyl compound alcohol conditions?® yield (%)
1 0 OH A 99
2 B 99
3 C 97
4 D 98
5 0 OH A 96
6 )J\/\/\ )\/\/\ B < 5b
7 A 90

o}

8 oH B <5P
10 o OH A 80
11 B <5P
GO0 | OO N
14 B 93
15 H C 90

D NR
16 o OH A 98
17 H B 93
18 C < 5P
19 HyCO HyCO D NR
20 O OH A 98
21 H B <5P
22 C NR

Cl cl
23 o] OH A 99
24 HsCO H H;CO B 98
25 Hco C 97
3 H,CO
26 OCH, 3 deH, D 97
o}
27 A \EO): o A 70
o}

aConditions. A: Ir@Hal (10% wt), Hz (1 atm), iPrOH/H20, 50 °C, 12 h. B: Ir@Hal (10% wt), Hz (1 atm), r.t., 12 h.

C: Ir@Hal (10% wt), iPrOH/H,0, 50 °C, 8 h. D: Ir@Hal (10% wt), HCO,Na, EtOH/H,0, 50 °C, 8 h.
b_ess than 5% conversion after 24 h.

€24 h reaction time.

NR: No reaction, no product observed by NMR after 24 h.
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Aryl ketones were also reduced at ambient hydrogen pressure at 50 °C in high yield (Table 3,
entries 7 and 10). However, low conversion was observed at room temperature (entries 8 and
11). Benzophenone could be reduced using transfer-hydrogenation with isopropanol (entry 9) but
was unreactive with sodium formate in ethanol. Alkyl and aryl aldehydes typically resistant to
hydrogenation were also conveniently reduced at ambient pressures.>®-°¢ Electron-rich aryl
aldehydes could be hydrogenated at room temperature, and 3,4,5-trimethoxybenzaldehyde could
also be efficiently reduced in high yield under transfer-hydrogenation conditions with
isopropanol or with sodium formate in ethanol. The deactivated 4-chlorobenzaldehyde required a

higher temperature (50 °C) for efficient conversion to 4-chlorobenzyl alcohol.

The successful reduction of the aliphatic ketones to alcohols using the Ir@Hal
nanocomposite prompted an investigation of the nanocomposite's potential use for the
conversion of biomass-derived levulinic acid to the value-added derivative g-valerolactone
(GVL).5" %8 As shown in Table 3, treatment of levulinic acid (entry 27) with hydrogen (1 atm,
balloon) in aqueous isopropanol (iPrOH:H20, 5:2) at 50°C, 12 h with a catalyst loading of 10%
wt/wt afforded GVL in 70% isolated yield. Longer reaction time or higher reaction temperature
did not improve the yields of GVL. Also, transfer-hydrogenation conditions were not adequate
for this conversion. Nevertheless, the high yield of GVL under these mild hydrogenation
conditions indicates that Ir@Hal nanocomposites may help produce this biomass-derived

platform chemical.
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5.3.4 Recycling Studies with Ir@Hal Catalyst.

As illustrated in Figure 3, recycling studies with Ir@Hal showed that the catalyst could be cycled
through consecutive hydrogenation reactions without loss of activity and excellent isolated yields

of the corresponding alcohols.

Figure 4. Recycling studies with Ir@Hal.

100
98 a7

o6 yield

1 2 3 4 5
cycles
m cydohexanone phenol

For cyclohexanone's hydrogenation at ambient pressure and temperature (Table 3, entry 2,
conditions B), the catalyst was used through five cycles with no reduction in yield. Cyclohexanol
was isolated in > 95% yield in each trial. For the hydrogenation of phenol at 50 °C (Table 2,
entry 3), the catalyst was used through three cycles without a decrease in the yield of
cyclohexanol (> 93%). However, the fourth trial observed the fifth trial observed a reduction in

yield and a more significant reduction. The diminished catalyst lifetime for phenol
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hydrogenation over that observed for cyclohexanone suggests that the nanocomposite has some

thermal instability over prolonged usage at elevated temperatures.

5.4 Conclusions

In conclusion, a reliable method for encapsulation of iridium nanoparticles (6-8 nm particles) in
halloysite furnished the Ir@Hal catalyst with over 97% of the Ir nanoparticles exclusively
captured within the clay nanoscroll. The Ir@Hal nanocomposite was found to be a highly
efficient catalyst for the hydrogenation and transfer hydrogenation of phenol to furnish
cyclohexanol (93-95% yield) at ambient pressure at 50 °C. The catalytic system was also
effective for hydrogenating aldehydes and ketones with a broad scope of substrates and provided
high yields of the corresponding alcohols. In addition, the catalyst was easily recovered and
recycled without significant loss of catalytic activity over multiple cycles. This new Ir@Hal
nanocomposite demonstrates further the utility of halloysite as a support for the development of
transition metal-based nanocomposites for heterogeneous catalysis for future investigations; the
substrate scope of the hydrogenation reaction and transfer-hydrogenation reaction will be
expanded. Furthermore, the development of new Ir@Hal nanocomposites is explored for the

efficient high-yielding conversion of levulinic acid into GVL.
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5.5 Experimental

5.5.1 Materials and Methods

All reactions were carried out in oven-dried glassware under a N2> atmosphere unless indicated
otherwise. Halloysite clay was purchased from Sigma Aldrich. All other chemicals were
purchased from Alfa Aesar, Sigma Aldrich, and VWR. Halloysite was purchased from Sigma
Aldrich. All chemicals were used as received without further purification. *H and *C NMR
spectra were recorded at r.t. in DMSO-ds on a Bruker 400 MHz instrument operating at a
frequency of 300 MHz for *H NMR and 75 MHz for *C NMR. 'H chemical shifts were
referenced to the DMSO solvent signal (2.50 ppm). *C chemical shifts were referenced to the
DMSO solvent signal (39.51 ppm). Pdnp size was determined from TEM images obtained on a
JEOL 2010 equipped with an EDAX genesis energy dispersive spectroscopy (EDS) system,
operated at an accelerating voltage of 200 kV an emission current of 109 pA. ICP-AES analysis

of the Ir@Hal was performed by Galbraith Laboratories, Inc., Knoxville, TN.
5.5.2 Synthesis of Ir@Hal. Preformation of Irne

A solution of IrCl3z (0.18 g, 0.60 mmol) in deionized water (10 mL) was prepared in a 250 mL
Erlenmeyer flask. A trisodium citrate solution (1.76 g, 6.00 mmol) in deionized water (10 mL)
was added to the iridium chloride solution. The mixture was sonicated for 10 mins then placed in
an ice bath while continuing to stir as the prepared solution of sodium borohydride (100 mg, 2.4
mmol) in deionized water (10 mL) was added dropwise via pipet over 15 minutes. The
combined solution was allowed to stir for 15 min at room temperature. During the first 10

minutes, the initial light yellowish/green color of the iridium chloride solution mixture turned
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black, indicating Ir nanoparticles' formation. After 15 min, no more color changes were
observed, and the solution was left to rest at room temperature, open to air for 80 min. Halloysite
(0.18g, 0.60 mmol) was added to the Ir nanoparticle solution, and the colloid mixture was stirred
for 15 min. The mixture was then allowed to rest at room temperature for 10 min. The mixture
was centrifuged (6000 rpm), and the liquid was decanted away from the solid residue. The
residue was washed with deionized water (3 x 15 mL) and isopropyl alcohol (2 x 15 mL). The
resultant powder was dried at room temperature for 24 h in a desiccator (CaSOs) to afford

Ir@Hal a black powder.

5.5.3 Synthesis of Ir@Hal. In Situ Formation and Encapsulation of Irne.

A solution of IrCl3 (180 mg, 0.60 mmol) in deionized water (10 mL) was prepared in a 250 mL
Erlenmeyer flask. A trisodium citrate solution (1760 mg, 6.0 mmol) in deionized water (10 mL)
was added to the iridium chloride solution. Halloysite (176 mg, 0.60 mmol) dispersed in water
(10 mL) was added to the Iridium chloride solution, and the mixture was stirred and sonicated
for 15 min. The mixture was then placed in an ice bath while continuing to stir as the prepared
solution of sodium borohydride (100 mg, 2.4 mmol) in deionized water (10 mL) was added
dropwise via pipet over 15 minutes. The combined solution was allowed to stir for 15 min at
room temperature. During the first 10 minutes, the initial light yellowish/green color of the
iridium chloride solution mixture turned black, indicating Ir nanoparticles' formation. After 15
min, no more color changes were observed, and the solution was left to rest at room temperature,
open to air for 80 min. The mixture was sonicated for 10 minutes before washing. The mixture
was centrifuged (6000 rpm), and the liquid was decanted away from the solid residue. The

residue was washed with deionized water (3 x 15 mL) and isopropyl alcohol (2 x 15 mL). The
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resultant powder was dried at room temperature for 24 h in a desiccator (CaSOa) to afford 15%

Ir@Hal as a black powder.

5.5.4 Hydrogenation of Phenol

To a 10 mL round bottom flask equipped with a magnetic stir bar was added the phenol (1.00
mmol), the Ir@Hal (10% wt/wt) followed by the addition of isopropyl alcohol: water (5:2). The
mixture was placed under hydrogen atmosphere (1 atm) and sonicated for 5 minutes, then
allowed to stir at 70°C (oil bath) overnight. The reaction progress was monitored by TLC (8:2,
hexanes: ethyl acetate). The Ir@Hal catalyst was recovered by vacuum filtration. The Ir@Hal
was rinsed using (10 mL) of isopropyl followed by DI water (5 mL). The solvent was removed

under vacuum to afford the purified product. TLC and NMR verified product purity.

5.5.5 Hydrogenation of Aldehydes and Ketones

5.5.5.1 General Conditions A

To a 10 mL round bottom flask equipped with a magnetic stir bar was added the aldehyde or
ketone (1.00 mmol), the Ir@Hal (10% wt/wt) followed by the addition of isopropyl alcohol:
water (5:2). The mixture was placed under hydrogen atmosphere (1 atm) and sonicated for 5
minutes, then allowed to stir at 50°C (oil bath) overnight. The reaction progress was monitored
by TLC (8:2, hexanes: ethyl acetate). The Ir@Hal catalyst was recovered by vacuum filtration.
The Ir@Hal was rinsed using (10 mL) of isopropyl followed by DI water (5 mL). The solvent

was removed under vacuum to afford the purified product. TLC and NMR verified product

purity.
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5.5.5.2 General Conditions B

To a 10 mL round bottom flask equipped with a magnetic stir bar was added the aldehyde or
ketone (1.00 mmol), the Ir@Hal (10% wt/wt) followed by the addition of isopropy! alcohol:
water (5:2). The mixture was placed under hydrogen atmosphere (1 atm) and sonicated for 5
minutes, then allowed to stir at 25°C overnight. The reaction progress was monitored by TLC
(8:2, hexanes: ethyl acetate). The Ir@Hal catalyst was recovered by vacuum filtration. The
Ir@Hal was rinsed using (10 mL) of isopropyl followed by DI water (5 mL). The solvent was

removed under vacuum to afford the purified product. TLC and NMR verified product purity.
5.5.5.3 General Conditions C

To a 10 mL round bottom flask equipped with a magnetic stir bar was added the aldehyde or
ketone (1.00 mmol), the Ir@Hal (10% wt/wt) followed by the addition of isopropyl alcohol:
water (5:2). The mixture was placed under hydrogen atmosphere (1 atm) and sonicated for 5
minutes, then allowed to stir at 50°C 8 hours. The reaction progress was monitored by TLC (8:2,
hexanes: ethyl acetate). The Ir@Hal catalyst was recovered by vacuum filtration. The Ir@Hal
was rinsed using (10 mL) of isopropyl followed by DI water (5 mL). The solvent was removed

under vacuum to afford the purified product. TLC and NMR verified product purity.
5.5.5.4 General Conditions D

To a 10 mL round bottom flask equipped with a magnetic stir bar was added, the aldehyde or
ketone (1.00 mmol), sodium formate, the Ir@Hal (10% wt/wt) followed by the addition of EtOH:
water (5:2). The mixture was placed under hydrogen atmosphere (1 atm) and sonicated for 5
minutes, then allowed to stir at 50°C overnight. The reaction progress was monitored by TLC

(8:2, hexanes: ethyl acetate). The Ir@Hal catalyst was recovered by vacuum filtration. The
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Ir@Hal was rinsed using (10 mL) of isopropyl followed by DI water (5 mL). The solvent was

removed under vacuum to afford the purified product. TLC and NMR verified product purity.

5.5.6 Recycling Experiments

The Ir@Hal was removed from the filter paper and added to a beaker with EtOH (20 mL), then
sonicated for 10 mins. The solid was then centrifuged down and then washed again with (15 mL)
DI water followed by (15 mL) isopropyl alcohol. The solid was dried in a desiccator (CaSOa)

overnight or in an oven at 120° for 20 mins before each subsequent cycle.

5.5.7 H NMR Characterization of hydrogenated products (Table 3)
All the products are known compounds. *H NMR spectra were identical to spectra in the Spectral
Database for organic compounds. SDBSWeb: https://sdbs.db.aist.go.jp (National Institute of

Advanced Industrial Science and Technology)
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Cyclohexanol [108-93-0]

OH

S

Colorless liquid (99%)

IH NMR (300 MHz, CDCl3) &: 3.98 (p, J = 6.0 Hz, 1H), 3.57 (s, 1H), 2.01 (s, 1H), 1.86 (s, 1H),
1.69 (s, 1H), 1.54 — 1.47 (m, 1H), 1.18 (s, 6H).

2-heptanol [543-49-7]

OH

m

Colorless liquid (96%)

IH NMR (300 MHz, CDCls) &: 3.78 (s, 1H), 1.73 — 1.18 (m, 12H), 0.88 (s, 3H).

benzhydrol [91-01-0]

OH

A colorless solid of mp 65-66 °C. Lit mp (65-66°C) (90%)

IH NMR (300 MHz, CDCls) &: 2.19 (1H, d, J = 4.0 Hz), 5.86 (1H, d, J = 4.0 Hz), 7.25-7.28 (2H,
m), 7.32-7.35 (4H, m), 7.38-7.40 (4H, m).

fluorenone [486-25-9]

OH

A white solid of mp 80.2-81.1°C. Lit mp (80-83°C) (80%)

IH NMR (300 MHz, DMSO-ds) §: 7.76 (d, J = 7.2 Hz, 2H), 7.57 (d, J = 7.2 Hz, 2H), 7.33 (dt, J
=21.0, 7.3 Hz, 4H), 5.86 — 5.73 (M, 1H), 5.51 — 5.39 (m, 1H).
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benzyl alcohol [100-51-6]

OH

of

Colorless liquid (93%)

IH NMR (400 MHz, CDCls) &: 7.37-7.38 (m, 5H), 4.70 (s, 2H).

4-methoxy benzyl alcohol [105-13-5]

OH

Neg

Pale yellow liquid (98%)

IH NMR (300 MHz, CDCls) &: 7.38 — 7.29 (d, J=8.6 Hz, m, 2H), 6.93 (d, J = 8.6 Hz, 2H), 4.51
(s, 2H), 3.83 (s, 3H), 2.59 (s, 1H).

4-chloro benzyl alcohol [873-76-7]

OH

S

Pale yellow liquid (98%)

IH NMR (300 MHz, CDCl3) &: 7.32 (s, 4H), 4.68 (s, 2H), 1.60 (s, 1H).
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3,4,5-trimethoxy benzyl alcohol [3840-31-1]

OH

O/

Pale yellow liquid (99%)

IH NMR (300 MHz, CDCls) §: 6.53 (s, 2H), 4.55 (s, 2H), 3.78 (d, J = 4.5 Hz, 9H), 2.69 (s, 1H).
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Conclusion

In summary, this research on halloysite nanotubes led to the development of new nanocomposite
systems with tunable properties. These novel nanocomposite systems were successfully
employed as highly active heterogeneous catalysts, possessing a greener chemical impact
compared to catalysts currently in use. It is reasonable to foresee that Halloysite nanomaterials
will emerge as a valuable new heterogeneous catalyst and be employed in many organic

transformations in the near future.

With the unique tubular nanostructure, raw halloysite exhibited remarkable chemical
reactivity superior to other clays in the esterification of biomass-derived carboxylic acids. Raw
halloysite was also effective in the esterification of various aromatic and non-aromatic
carboxylic acids. These results indicated that halloysite has the potential utility as a “Green”

heterogeneous catalyst for a broad scope of esterification applications.

Extremely useful transition metal@halloysite nanocomposites were developed. A novel
Pd@Hal nanocomposite was synthesized under ambient conditions. The newly prepared catalyst
was applied to the widely used Suzuki-Miyaura cross-coupling reaction. This nanocomposite
material produced exceptionally high yields under ambient conditions. Complete product
conversion was obtained with no byproducts using an alcohol: water solvent system at room
temperature. It showed excellent results with both hydrophobic/ hydrophilic substrates. The
Pd@Hal nanocomposite was also utilized in the hydrogenation reaction of nitro compounds. It
exhibited high reaction yields of the corresponding aniline derivatives under very ambient
conditions. The catalyst was shown to be recoverable and recyclable in both reaction systems

without significant loss of catalytic activity.
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In addition, a reliable method was also developed for the preparation of the Ir@Hal
nanocomposite. The Ir@Hal catalyst was very efficient for the hydrogenation and transfer
hydrogenation of phenol to furnish cyclohexanol. Also, Ir@Hal effectively hydrogenated various
aldehydes and ketones with a broad scope of substrates under very ambient conditions. The
catalyst was shown to be recoverable and recyclable without significant loss of catalytic activity

for both the hydrogenation of phenol and cyclohexanone to yield cyclohexanol.

These M@Hal nanocomposites proved to be robust and stable under a variety of reaction
conditions. Furthermore, as catalysts, these M@Hal nanocomposites afforded high yields, were
amenable to scalable conditions, and exhibited incredible rate enhancement for various organic
transformations. In addition, These M@Hal nanocomposites demonstrated the further utility of
halloysite as a support for the development of transition metal-based nanocomposite for
heterogeneous catalysis having all the advantages of easy separation, easy recovery, and
excellent solubility/dispersion. These novel heterogeneous materials undoubtedly have a

fundamental role in the development of new sustainable industrial and pharmaceutical processes.
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