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1. INTRODUCTION

1.1 The fine chemical industry

The term “fine chemicals” defines complex or single-pure substances, produced in limited
guantities in multipurpose plants by multistep batch processes. Agrochemicals, pharmaceuticals,
fragrances and other products can be include in this definition. The manufacture of fine chemicals

is essentially described by the following features®:

Table 1.1. Typical features of fine chemical industry

Complex molecules (isomers, stereochemistry,
several functional groups) with limited thermal stability.

Usually classical organic reactions are used,
catalysis is an exception.

High purity requirements
(usually >99%, <10 ppm metal residue and ee >98% in pharmaceuticals).

Small-medium scale productions
(1-1000 t per year for pharmaceuticals, 500-10 000 t per year for agrochemicals).

Multi steps synthesis batch operations
(5—10 steps for pharmaceuticals and 3-7 for agrochemicals).

Short-medium product live
(often <20 years).

Short development time for the production process
(<few months to 1-2 years)
since time to market affects the profitability of the product.
Very severe specifications and production rules.

Intellectual properties (IP) constrains.

Large amounts of unwanted wastes are produced
(solvents, salts, by-products, etc., that must be eventually recycled or discarded).

The above described characteristics, together with the wide range of products included in the
definition of fine chemicals, make this area highly heterogeneous. This means that involved

reactions, processes, solvents and auxiliaries are very different. In the field of fine chemicals, in
1




particular for their production in western countries, it has become mandatory to pay attention to
more efficient and sustainable productive processes, in agreement with the green chemistry

principles.

1.2 Green Chemistry

Over the past twenty-five years, sensibility to the environment and human health has increased
significantly. Some environmental disasters (Seveso 1976, Bhopal 1984) revealed that the
mismanagement of the chemical processes and the use of harmful substances can lead to
environmental pollution and depletion of natural resources. These bad choices and wrong
management still have consequences for the population and the territory.

In the early '90s, Anastas and Warner developed a new concept concerning chemistry and called it

"2 The aim of green chemistry is to reduce the use and manufacture of

“green chemistry
hazardous substances in the design and synthesis of chemicals products. The philosophy of green
chemistry is to achieve a more sustainable development with the lowest environmental impact.
For this reason the concept of chemical process is changed. When a new process is designed, it is
important to obtain the desired molecule by simple and efficient way, but it must also verify the
impact of certain choices (auxiliaries, reagents, plant equipment, etc.) on the environment and

human health. This concept is regulated by 12 new principles that should be followed to develop

an economically and environmentally sustainable process:



Table 1.2. The twelve green chemistry principles2

1. Itis better to prevent waste than to treat or clean up waste after is formed.

2. Synthetic methods should be designed to maximize the incorporation of all materials used
in the process into the final product.

3. Wherever practicable, synthetic methodologies should be designed to use and generate
substances that possess little or no toxicity to human health and the environment.

4. Chemical products should be designed to preserve efficacy of function while reducing
toxicity.

5. The use of auxiliary substances (e.g. solvents, separations agents, etc.) should be made
unnecessary wherever possible and, innocuous when used.

6. Energy requirement should be recognized for their environmental and economic impacts
and should be minimized. Synthetic methods should be performed at ambient
temperature and pressure.

7. A raw material of feedstock should be renewable rather than depleting wherever
technically and economically practicable.

8. Unnecessary derivatization (blocking group, protection/de-protection, temporary
modification of physical/chemical process) should be avoided whenever possible.

9. Catalytic reagents (as selective as possible) are superior to stoichiometric reagents.

10. Chemical products should be designed so that at the end of their function they do not
persist in the environment and break down into innocuous degradation products.

11. Analytical methodologies need to be further developed to allow for real-time, in-process
monitoring and control prior to the formation of hazardous substances.

12. Substance and the form of a substance used in a chemical process should be chosen so as

to minimize the potential for chemical accidents, including releases, explosions and fires.

Although the concept of green chemistry is noble, it is mandatory to study the chemical processes
from an industrial and economic point of view: so, the concept of “sustainable chemistry” was
introduced. The term “sustainable chemistry” includes the philosophy of green chemistry, the

economic issues and the effects of certain choices for present and future®.




Normally, the quality of a reaction is determined by yield and selectivity, expressed as below:

yield of product
theoretical yield of product

yield of reaction =

yield of desired product

selectivity of reaction =
yof amount of converted substrate

However, these parameters do not highlight that in a synthesis all starting materials should be
preferably present into the final product. In fact, for example, the use of solvents, different kinds
of auxiliaries and the formation of waste are not considered. Other parameters, known as green
metrics, were introduced with the green chemistry concept and are summarized in the Table 1.3%
These parameters may include the use of auxiliaries, solvents, the amount of produced wastes,

etc..



Table 1.3. The most important green metrics

Green metrics Description

Atom ef ficiency:

MW of desired product

MW of all reagents

The atoms of the
starting materials should
be present also in the

product.

Considerations
Reaction yield,
molar excess and
used solvents are

ignored.

mass of product

RME =

2mass of reagents

Reaction mass efficiency

(RME) describes the
amount of reagents that
are converted into the

product.

The use of solvent
is not considered,
but yield of reaction
and molar excess of
reagents are

included.

weight of total waste

E-factor (E) is the ratio

between the weight of

Yield of process,

used solvents and

= total waste and the
weight of desired product amount of waste
weight of desired
are considered.
product.
PMI  has been
chosen as the most
significant green
Process mass intensity
metric value for
(PMI) defines the ratio .
weight of raw material input . evaluating the
PMI = - - between the quantity of
weight of desired product out sustainability of
. ] raw materials input in
From PMI is possible to calculate the E-factor: production by

E =

PMI -1

the process and the
quantity of obtained
product.

American Chemical
Society’s Green
Institute
Pharmaceutical

Roundtable.




In an ideal process, E parameter should be equal to zero but while for oil refinery and bulk
chemistry processes this parameter is very close to one, for fine chemicals and pharmaceutical

processes it may exceed 100 (Table 1.4)°.

Table 1.4. E value for different industry segments

Industry segment Product tonnage E factor Tonnage x E-factor
Oil refining 10°-10° <1 <10°-10°
Bulk chemicals 10%-10° <1-5 10*-5x10°
Fine chemicals 10%-10* 5-50 5x10%-5x10°
Pharmaceuticals 10-10° 25->100 250-10°

It is worth to note that for a correct estimate of the environmental impact, the volume of
production must be considered.

The E factor increases from bulk chemicals to fine chemicals production. This fact can be explained
by considering the typical features of fine chemistry and pharmaceutical industries reported in
Table 1.1. As quoted before, products with very high purity are often required and sometimes
there is a short time for the production process development; so the E-factor becomes high
because large amounts of unwanted materials (solvents, salts, by-products, etc.) are obtained. In
addition to the amount of wastes, it is also important to consider the waste impact on the
environment. For this reason, another parameter was introduced. This parameter, called EIQ
(environmental impact quotient), considers the intrinsic harmfulness of unwanted reaction
products. This term (EIQ) is calculated by multiplying the factor E for an arbitrary term Q. The
value of Q depends on the toxicity of waste, the disposal or recycling difficulty and its amount.
Therefore, it is clear that the choice of a process depends not only on the quantity of used
materials but also on the quality of wastes. The above mentioned green metrics do not consider
this fact and for this reason different computing data bases have been developed. For example
LCA (Life Cycle Analysis)®. represents the most comprehensive approach to determine the impact
of human activities including chemical reactions. In this system all inputs and outputs associated
with the investigated process are considered. It means that also energy requirement and the
production method for each involved substance in the process are estimated. LCA is a complete
approach to know all critical points of an investigated process, but it is important to note that this

method involves many parameters. For this reason, the calculation could be difficult especially on



laboratory scale. Other simpler methods applicable also on small scale have been so developed.
EATOS (Environmental Assessment Tool for Organic Synthesis)7 is a program that permits to
analyze the impact of a reaction from different points of view. In fact, this system considers the
amount of necessary reagents, the amount of waste produced for one Kg of desired product, the
impact of reagents, products and wastes on the environment and human health. The full cost of
process is also considered. Another interesting approach to investigate the impact of processes is
the EcoScale method®. This computing system allows to obtain indications about on a reaction
carried out, for example, on lab scale. This method considers six important reaction parameters:
yield, costs and safety of used materials, equipment complexity, operation conditions, work-up
and purification of product. A score ranging from 0 (ruinous reaction) to 100 (ideal reaction) can

be assigned for each reaction. This score is assigned adopting the criteria reported in Table 1.5.



Table 1.5. Penalty points to evaluate the EcoScale

Parameters Penalties
Yield =[100-yield (%)]/2
Price of reaction components
Inexpensive (<10 €) 0
Expensive (>10 € and <50 €)
Very Expensive (>50 €) 5
Common set-up 0

Controlled addition of chemicals
Unconventional activation
techniques
Pressure equipment (>0.1 MPa)
Any additional special glassware
(Inert) gas atmosphere
Glove box

Temperature/Time

Room temperature <1 h
Room temperature <24 h
Heating <1 h
Heating <24 h
Cooling to 0°C
Cooling <0°C

Workup and purification

None
Cooling to room temperature
Adding solvent
Simple filtration

Wl |k |Ww

ulp|lwNn]|—|O

Removal of solvent bp <150 °C
Crystallization and filtration
Removal of solvent bp >150°C
Solid phase extraction
Distillation
Sublimation
Liquid-liquid extraction
Classical chromatography

wlwlw|Nn|INv|kr|lO|lO|lOlOo|o

=
o

*penalty is based on hazard warning symbols
Taking into account Table 1.5, the EcoScale of reaction is calculated in this way:
EcoScale = 100 — sum of individual penalties

An excellent reaction has a score >75, an acceptable reaction has a score >50 and an inadequate
reaction has a score <50.

By considering the importance to use low-risk substances for human health and environment, to
improve the safety and the economical aspect of a reaction, it is possible, for instance, to evaluate
in details the use of solvents. In fact, they are intensively used in many of process steps (solvent of
reaction, extraction and purification of products)®. Solvents are often unsafe for human health and

environment and furthermore they can be difficult to recover and recycle. It would be better to



avoid their use, by carrying out the reaction under neat conditions and finding the simplest
procedure to recover the desired product. However, it is not always possible to perform the
reaction without solvent for example if the reagents are in different phases or if it is necessary to
dissipate heat. In these cases, it is suggested to use more eco-friendly and safe solvents. During
this work of thesis, when possible, solvents with low environmental impact or reactions under
neat conditions were investigated.

Another important aspect to verify for improving reaction efficiency is the development of a
synthetic scheme where catalysts are used. A catalytic reaction is usually more selective (chemo-,
regio- and/or stereo-selective) and it implies a reduction in the formation of by-products and
lower purification steps. However some difficulties to replace stoichiometric reactions with
catalytic alternatives may occour especially in fine chemicals industry; very active and selective
catalysts are necessary and often there is not time (and money) to prepare new catalysts or to find
the most suitable commercial catalytic materials. Furthermore, it is also important to remember
that catalysts have, sometimes, good performances when the substrates are highly pure and this is

not always possible, especially in industrial processes™.

1.3 Catalysis: introduction and definitions

The term catalyst was introduced by Berzelius in 1836 to explain various transformations that
happen in chemical reactions. He assumed that catalysts possess special powers that can influence
the affinity of chemical substances'. A definition of catalyst that is still valid today is due to
Ostwald (Nobel prize in chemistry in 1909) that in 1895 defined the catalyst as a substance that
accelerates a chemical reaction without affecting the position of the equilibrium. In an ideal case,
the catalyst should not be consumed during the reaction, but in practice it may undergo chemical
changes and its activity may become lower (catalyst deactivation). Besides the activity, other
important properties of catalysts are selectivity and stability. Here are reported the definitions of

activity, selectivity and stability of a catalyst:



1. Activity: which is the measure of the increased conversion rate of the substrate due to
presence of the catalyst.

2. Selectivity: which expresses the fraction of starting material that is converted into the
desired product; three different kinds of selectivity can be observed according IUPAC “Gold

book”*?:

a) regioselective reaction is one in which one direction of bond making or breaking
occurs preferentially over all other possible directions; b) chemoselective reaction is the
preferential reaction of a chemical reagent with one of two or more different functional
groups; stereoselective reaction is the preferential formation in a chemical reaction of one
stereoisomer over another; when the stereoisomers are enantiomers, the phenomenon is
called enantioselectivity and is quantitatively expressed by the enantiomeric excess (e.e);
when they are diastereoisomers, it is called diastereoselectivity (d.i) and is quantitatively
expressed by the diastereoisomeric excess (d.e).

3. Stability: which defines the lifetime of catalyst during the period in which it maintains its

properties; causes of degradation may be mechanical or thermal phenomena or due to a

chemical stress.

The last property is the most important. The catalysts that lose activity during a process can be
sometimes regenerated but they have to be replaced after many regenerations. The total lifetime

of a catalyst is important for the economics of the process™'.
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1.4 Impact on the society’

Catalysis is very important in our modern technological society. The worldwide economy is based

on catalytic production of chemicals and fuels.

Catalysis Fiber, Plastics, Food,
CHEMICALS Home products,

RAW Catalysis Pharmaceuticals, etc

MATERIALS

Heating,
Transportation,
Power

FUELS Catalysis

Scheme 1.1. The use of catalysts in various steps of the chemical industry

Petroleum, power, chemicals and food industries, which account for more than 10 trillion S of
gross world product, are largely dependent on catalytic processes. In fact, catalysts technology is
much used in chemical and petrochemical industry, two of the largest industries with worldwide

sales. In the Table 1.6 the increasing trend of the use of catalysts in some industrial fields is shown.
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Table 1.6. Catalyst sales (billions of USS$)? in different chemical industry sectors

Annual grow

Category rate %
Auto b 2,18 2,65 6,75 7,09 8,61 5,0
catalysts
Biocatalyzed
pr°:::ses 1,79 2,26 2,69 2,83 3,44 6,0
fermentation
Bulk 1,75 1,80 1,97 2,07 2,51 3,0
ch:rl:ii;lsc 0,41 0,45 0,49 0,52 0,63 3,0
Polymers 0,94 1,70 2,02 2,12 2,58 5,0
Enviromental 0,62 0,67 0,73 1,01 1,23 10,0
P‘::;?r:fn“gm 1,30 2,10 2,00 2,32 2,82 4,0
Recovery of
spent 0,62 0,65 0,75 0,79 0,96 5,0
catalysis
Total 10,1 12,3 17,4 18,7 22,8 5,0

? It does not include about 1,2 billion of dollars per year of catalysts produced and consumed
internally by chemical and petroleum companies, nor 4,3 billion of dollars per year in
process/catalyst licenses and other royalties; b precious metal are included since 2000; ° not

including fermentation processes.

The use of catalysts is widely spread in different industrial segments especially in the
environmental sector. Also the use of enzyme is growing and it is due to advances in
biotechnology that permit to obtain them at reasonable price.

Finally, it is clear that the use of catalysts has not only an impact on chemical industry but also in

the world economy.



1.5 Classification of Catalysts™!

Catalysts can be classified according to the state of aggregation in which they act. They are
devided in two large groups: heterogeneous and homogeneous catalysts. There are also
intermediate forms: a) heterogenized (immobilized) homogeneous catalysts b) or catalytic species

or confined into a different phase with respect to reagents and products.

Catalyst
Homogeneous Heterogenized Heterogeneous
catalysts homogeneous catalysts
catalysts or
_ catalysts
Acid/base embedded in Bulk catalysts
catalysts one phase  Biocatalysts
Transition metal Supported catalysts
compounds

Scheme 1.2. Catalyst classification

1.5.1 Heterogeneous and homogeneous catalysis

Heterogeneous catalysis refers to catalysts that are in a different phase with respect to reactants
and products and normally it refers to the use of solid catalysts and liquid or gaseous reagents.
This feature is very important because the separation from products and unreacted starting
materials is simple. For this reason, different types of reactors have been developed. In many
cases heterogeneous catalysts are confined into the reactor (fixed bed reactors) or in part of it, but
in other cases they are suspended into the reactor (fluid bed reactors) and are filtered outside and
sent back to the reactor. A typical heterogeneous catalyst is usually made by three components:
an active catalytic phase, one or more promoters and the support. The active catalytic phase is
usually made by transition metals (or their oxides, sulfides, carbides, etc.) normally dispersed into
the pores of the support or on its surface®™.

The function of promoters depends on their nature: the texture promoters are used to facilitate

the preparation and dispersion of the active phase and to maintain it in a well-dispersed state
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during the reaction conditions. The chemical promoters are additives that improve activity or
selectivity of the catalytic phase. The role of the support is to facilitate the dispersion of the active
catalytic phase and to stabilize it; indeed the heterogeneous catalysis is often affected by leaching
of metal from support due to the reaction conditions. Reabsorption of metallic particles on the
support may occur but very often after an aggregation and change of particle size'.

There are many types of supports, characterized by surface area, pore volume and pore

diameters. These features affect the dispersion and stability of the catalytic phase®>.

Table 1.7. Characteristics of several most common supports

Pore

Support/Catalyst BET area Pore volume diameter

(m?/g) (cm®/g)
(nm)
Activated carbon 500-1500 0.6-0.8 0.6-2
Zeolites (molecular sieves) 500-1000 0.5-0.8 0.4-1.8
Silica gels 200-600 0.4 3-20
Activated clays 150-225 0.4-0.52 20

Activated Al,Os 100-300 0.4-0.5 6-40
Kieselguhr (“celite 296”) 4.2 1.14 2200

Heterogeneous catalysts were the first to be used commercially and still now dominate the
industrial practice. However, in the early 1960s homogeneous catalysis began to be applied
profitably in many fields of industrial chemistry including the production of bulk and specialty
chemicals, polymers, pharmaceuticals and food products. Currently the homogeneous catalysis is
used in about one-third of catalyzed chemical processes and its use is growing especially for high-
value fine chemicals and pharmaceuticals, where higher selectivity is required™. The
homogeneous catalysis is referred to a process in which all reagents and catalyst are in the same
phase during the reaction. Homogeneous catalysts may be small molecules or ions, such as HF,
piperidine, metal ions, or complex molecules including metal-ligand or organometallic complexes,
heteropolyacids or enzymes, which are soluble in the reacting fluid phase. The main differences

between heterogeneous and homogeneous catalysts are shown in Table 1.8
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Table 1.8. Comparison between homogeneous and heterogeneous catalysts

Catalyst properties

Active centers/site

Homogeneous

Monodisperse atoms or

Heterogeneous

Only surface atoms or

molecules molecules
Concentration Low High
Selectivity High Moderate to low

Diffusion problems/resistance

to mass transfer

Practically absent

Present (mass-transfer-
controlled reactions are

common)

Reactions conditions

Mild (50-200°C)

Severe (often >250°C)

Applicability Limited Wide
Irreversible reaction with
Sintering of metal crystallites,
Activity loss products (cluster formation);
poisoning, etc.
poisoning
Structure/stoichiometric Defined Undefined
Modification possibilities High Low
Thermal stability Low High

Catalysis-product separation

Sometimes laborious
(chemical decomposition,

distillation, extraction)

Unnecessary for fixed-bed,

filtration for fluidized bed

Catalyst recycling

Possible, but difficult

Unnecessary (fixed-bed) or

easy (fluidized bed)

Cost of catalyst losses

High

Low

15




The major advantage of homogeneous catalysis toward heterogeneous catalysis is better activity
and selectivity. This characteristic is often due to a higher chemical and geometric complexity of
the homogeneous catalyst. It can have multiple valence states, form either ionic or covalent bonds
and assume a great variety of geometric structures (for example planar, octahedral, trigonal
etc.)'®. However the main disadvantages of homogenous catalysts are their thermal instability and
difficulty to separate them from products, solvent and unreacted substrates. This is the most

limiting factor in a homogeneous catalytic process, especially when precious metals are used.

Table 1.9. Prices of some metals used in industry™®

Metal Price (€/Kg)

Au 31320
Co 32.90
Cu 7.00
Fe 1.00
In 700
Ga 275
Ni 18.80
Rh 37800
Pd 23100
Pt 39880

At the light of data reported in Table 1.9 appears fundamental to design efficient and easily
recoverable catalysts where the losses of metal (especial precious metal) are minimized. Another
approach would be to use cheaper metals rather than precious metals. However, it is important to
consider that the efficiency sometimes is not the same. For instance, in the hydroformylation
reaction expensive rhodium or cheapest cobalt complexes can be used as catalysts, but rhodium
species allow to obtain higher yields and selectivities, under milder conditions".

Another problem associated with the use of metal species is their possible contamination of the
final product. For example, in the synthesis of active pharmaceutical ingredients (APls) the
regulatory requirements set the upper limit of traces of some metals in the order of ppms (part

per millions)*’.
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Table 1.10. Comparative toxicological classification of the metals

Class 1 (toxic)

Class 2 (less toxic) Class 3 (non-toxic)

Pt, Pd, Ir, Rh, Ru, Os, Mo, Ni,
Cr,V

Cu, Mn, Ti, Sc Zn, Fe

To remove traces of metals a tedious workup may be required and it becomes a costly affair due
to the material loss. Also for this reason, it is important to develop very stable catalysts. During the
development of a synthetic pathway it is so essential to assess either economic issues or
regulatory aspects related to possible toxic metal contaminations. The separation and total
recovery of the catalyst is a very limiting factor for the application of homogeneous catalysis in

industrial reactions; so, in order to make them more applicable in productive processes, two major

technologies for the recovery of homogeneous catalysts have been developed.

Table 1.11. Different technologies for heterogenization of homogeneous catalysts

Advantages

Disadvantages

Type of catalyst Description
Homogeneous
Immobilized catalysts are linked to
(homogeneous) different types of
catalyst supports (polymer,

carbon, ceramic, etc)

The catalyst is
recovered from
reaction mixture by
filtration or

decantation

Diffusional resistance;

metal leaching

The reaction is carried

out into two different
Embedded catalyst in

phases and the
a single phase
catalyst is confined in

one of them

At the end of the
reaction, the two
phases are separated
and the catalytic

phase is recovered

Difficult tuning of
solvent mixture and
suitable ligands.
Sometimes metal
and/or full may
transfer partially or
totally into the other

phase.

17




To perform the reaction in biphasic system, different kinds of solvents able to confine catalytic
species are ionic liquid, perfluorinated compounds, supercritical fluids and water have to be
considered™®. Doubtless, water is the most sustainable solvent as it presents the following

properties:

It is not toxic;
it is not flammable;

it is polar and simple to separate from many organic solvents;

1
2
3
4. itisinexpensive and available in large quantity;
5. its density is different from many organic solvents;
6. gases dissolve well in it;

7. it has amphoteric behavior;

8

contaminations are easily recognizable.

To use this solvent, it is necessary to design a hydrophilic catalyst or a catalyst having hydrophilic
ligands such as for example sulphonated phosphines. The application of this type of catalysts in
industrial hydroformylation processes represents one of the most striking example of this catalytic
methodologylg. Other ligands with hydrophilic groups (SO3; COO’; NMes"; OH’;etc.) may be also

2
used®.

1.5.2 Acid Catalysis

The acid catalyzed processes play a key role not only in the petrochemical and bulk industry but
also in the manufacture of a wide variety of fine and specialty chemicals including
pharmaceuticals, agrochemicals, flavors and fragrances. The use of traditional Brgnsted acids
(H.SO4, HF, HCI, p-toluenesulfonic acid etc) or Lewis acids, such as AlCls3, ZnCl,, BF3, is involved in
many different processes especially for their cheapness“. However, the main problems of their
use are the low selectivity and stability at high temperature and the generation of inorganic salts
during the work-up due to the neutralization of crude reaction mixtures. This fact leads to the
production of large amounts of aqueous wastes. A solution to this problem could be the
replacement of traditional acid catalysts with recyclable solids acids. Many different

heterogeneous acid catalysts have been developed; zeolites, heteropolyacids, supported metal
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oxides, clays and sulfonated perfluoro copolymers are widely used as Brgnsted and Lewis acid in
different types of reactions®>. This choice has many advantages:
e Separation and recycling is facilitated;
e often solids acids are safer and easier to handle than their traditional counterparts, (e.g.
HCI, H,SO4, HF);
e some traditional acids systems are highly corrosive and require expensive reactors and
equipment;
e product contamination by traces of (neutralized) catalyst is generally avoided when the

latter is solid.

In the context of acid catalysis it is also important to quote the use of some metal triflates as Lewis
acids in many different kinds of reaction instead of traditional catalyst523. They are able to work in
not dried organic solvents or also in water and often in real catalytic rather than in stoichiometric
amount. However, it is also important to note some disadvantages: for example, their preparation
may require the use of expensive rare earths or precious metals; moreover, the recycling of these

catalysts is not always possible.

1.5.3 Bio-catalysis: introduction®®

In biocatalysis, enzymes, large macromolecular polypeptides synthetized by living organisms, and
rybozimes, composed of RNA, are used®*. Enzymes having molecular weight between 10*10° Da
are characterized by a unique three-dimensional structure with a binding site or pocket which is
chemically and geometrically compatible with a single substrate or group of chemically related
reactants. It means that enzymes have the ability to recognize a particular functional group or a
particular substrate. Other important features of enzymes are selectivity, high turnover rates [for
example, 10-10000 molecules/(enzyme-s™) compared to 1-10 s* or less for conventional
heterogeneous catalysis] and ability to be used at very low concentration (10~ to 10™° mol/L).

In 1976, 1800 enzymes were known®, now there are over 3000 enzymes that have been fully
characterized and over 7000 enzymes are predicted to exist?®. The enzyme production is based on
the extraction from biological sources (prokaryotic and eukaryotic cells) and subsequent
purification (usually by crystallization or chromatography) but very often crude inactive cells with

their enzymes content are used. Enzymes can be used in a native free form or as immobilized
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heterogeneous catalysts by using different technique to support them (for example, by a covalent
binding to a support, use of a cross-linking by a bifunctional agent, adsorption on a solid surface,
entrapment in a gel or on a membrane of special reactors).

The application of enzymes in industrial processes has rapidly increased in the last 20 years leading

to:

e Significant cost, materials and energy saving;
e more environmentally friendly processes;
e significant simplification of difficult synthetic routes in pharmaceutical and fine chemical

processes.

For these reasons, the market and the interest for enzymes increase every year.

1.5.3.1 Industrial application of enzymes and biotechnology

The term biocatalysis is referred to processes where biocatalysts are used. Precisely, the term
biotransformation describes the process carried-out by whole non-living cells or the process
performed by isolated enzymes with the addition of the reagents required for their activity.
Fermentation describes on the contrary the process carried out by living natural, modified or
recombinant microorganisms.

In the past 20-30 years biocatalytic processes have become more popular into the chemical
industry: this is due to their high efficiency and selectivity. Another reason of their diffusion is the
growth of biotechnology industry. This new industry is the result of several key scientific and

engineering developments as:
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1. the discovery and characterization of a large number of useful enzymes for industrial
applications;

2. the development of techniques to engineer these enzymes in order to optimize their
performance and stability; this has significantly increased the number of economically
feasible industrial applications;

3. the development method for production, isolation, purification and immobilization which
allows to strongly reduce the price of enzyme and the process;

4. the development of non-aqueous enzymatic processes that allows to expand the
application of biocatalytic reactions;

5. the improvements of reactor technology which permits more accurate control of the

enzymatic processes.

1.5.3.2 Economic impact of the use of enzymes in industry and future development

The estimated value of enzymes produced worldwide was roughly 2.5-3 billion USS dollars in 2005
and is expected to grow at an average annual rate of 4-5 %", It is difficult to estimate the corrent
production of enzymes because there are many companies that produce their own catalysts for

internal use. Graphic 1.1 summarizes the enzyme market for 2004 by industry:

M Other market 13 %

B Diagnostic 8 %

M Detergents 10 %

M Research/biotech 14 %
M Pharamaceutical 20 %
m Starch Processing 19 %

M Food & Beverage 16 %

Graphic 1.1. Use of enzymes in different industrial sectors
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Other areas where the use of enzymes seems to faster expand are therapeutic biopharmaceuticals

(for example treatment of cancer, multiple sclerosis etc.), analytical reagents and biosensors (for

example clinical diagnosis, biochemical electrodes) and waste disposal and soil remediation.

Due to the characteristics as selectivity, activity and ability to work under milder conditions,

enzymes are in perfect agreement with the philosophy of green chemistry. In view of this

advantage the applications of enzymes are increased in the last decade and their use in industry is

expected to continue.

The projection of growth in the use of enzymes is essentially due to the expectations that the

production costs will be reduced and there will be some progress in different areas of research as:

1.

conventional catalysis could be replaced by enzymes with higher selectivity in order to
avoid costly product/side-product separations and disposal of undesirable waste products;
enzymatic processes are also less energy intensive and often sustainable and it may be the
push towards a greater use of enzymes in the future;

enzymes have begun to be used in the production of fine chemicals; their use will grow
much in next years also thanks to the possibility to perfom biocatalyzed reaction in organic
solvents and with unnatural substrate527’28;

enzyme engineering permits to improve their activity, selectivity and thermal stability;
development of coenzyme-regenerating or coenzyme-immobilizing systems can help the
spread of use of enzymes requiring a cofactor?; the high cost and difficulty to regenerate
coenzymes and cofactors often limit the use of some biocatalysts in industrial applications;
in alternative the use of whole cells rather than isolated enzymes could help many
synthetic application®;

development of new methods to immobilize biocatalysts could permit to recycle the them
and to reduce the cost of process; many techniques have been studied to immobilize
biocatalysts (cells or enzymes)®';

the application of enzymes in biphasic reaction system, for example in aqueous/organic
solvent and the use of a membrane system can facilitate the separation of biocatalysts
from substrates and products and improve their recycle®***;

the discovery of new enzymes, which can replace the current synthetic methodologies and

allow new reactions, currently considered "impossible" or very difficult to carry out by

using actual technologies, could increase the use of this type of catalysis in industry.
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In conclusion, the development of new discoveries, new production technologies, recycling and

immobilization of enzymes are the keys for the spread of enzymatic catalysis in industry.

1.6 Analysis of reactions applied in fine chemicals industry

The fine chemicals industry, as already reported, is a heterogeneous sector. In fact, in this class,
different products, including agrochemicals, pharmaceuticals, fragrances, etc., are grouped. For
this reason, different types of reactions are involved, so it is very difficult to analyze their impact in
whole fine chemistry sector. However, analyzing only the medicinal chemistry segment it can be

possible to evaluate the incidence of some reactions classes (Table 1.12, adapted by reference .

Table 1.12. Occurrence rate of reactions in medicinal chemisty

Reaction type N° of reactions % of total
Heteroatom alkylation and arylation 1687 23.1
Acylation and related processes 1635 22.4
C-C bond formation 841 11.5
Heterocycle formation 601 8.2
Protections 225 3.1
Deprotections 1319 18.0
Reductions 406 5.6
Oxidations 110 1.5
Functional group interconversion 413 5.6
Functional group addition 78 1.1
Total 7315 100

Therefore, different types of reactions require large variety of catalysts, especially in C-C bond
formation, reduction and oxidation reactions. In the present thesis, also on the base of experience
and interest of the research group where this work was carried out, a selection of reactions was
made and studied. In this context, different new homemade catalysts were prepared and used on

a wide range of substrates to verify their potential application in the synthesis of some industrial

products.
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2. AIM OF THESIS

The aim of this work of thesis was the preparation and the study of different families of catalysts

which present the following features:

v ok wNoe

versatility towards different substrates and in large variety of reactions;
high selectivity;

possibility of efficient recycling;

possibility to operate in neat conditions or in an aqueous environment;

easy and reproducible preparation.

Therefore, the attention was focused on:

preparation, characterization and use of a heterogeneous Rh-based catalyst characterized
by low metal content; in a described proceduregs, a very active 0.15 % Rh/Al,O; was
obtained in a simple way, exclusively used in the industrial hydrogenation process for the
synthesis of the anti-inflammatory Nabumetone and not fully characterized; therefore, it
was decided to prepare the same catalyst in order to verify the described procedure, to
characterize it and use in other differ Rh-catalyzed reactions, so verifying its versatility,
stability and recyclability;

preparation of new low metal content species, in particular Pd- and Pt-based alumina, in
order to verify the possible extension of the procedure of point | toward other metals, then
attempt to characterize them and check their potential catalytic activity in different types
of reactions;

preparation of new bio-generated metal compounds using the microorganism Klebsiella
oxytoca BAS-10, which is able to bind metal species on a particular exopolysaccharide (EPS)
produced during the fermentation process; in research laboratory where this thesis was
made, a Fe-based catalyst (Fe-EPS) had already been prepared and efficiently applied in the
oxidation of phenol*®; during this work of thesis, it was decided to prepare new mono and
bi-metallic species such as Pd-EPS, Rh-EPS and Pd-Fe-EPS, by adding Pd(NOs),, RhCls or

simultaneously Pd(NOs), and Fe citrate during the growth of the microorganism; the
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VI.

characterization of these materials and evaluation of potential catalytic activity in different
type of reactions was another aim;
preparation of a new water soluble rhodium species by using a cheap ligand such as

dihydrothioctic acid (DHTA) (Figure. 2.1);

O

HS
V\(\/\)J\OH

SH
Figure 2.1. Dihydrothioctic acid (DHTA)

this acid, which presents two —SH groups, is able, in principle, to work as a bidentate ligand
for the rhodium atom and moreover, the presence of another functional group, -COOH, in
the molecule, when it is salified, might favour the solubility in water of the complex and
also create a potential third binding site for Rh species;

in addition to metal-based catalysts, it was decided to investigate an ionomer with acid
properties in order to verify its potential use in acid-catalyzed reactions. It was Aquivion®-
PFSA (from here called Aquivion®), a perfluorinated ionomer commercialized by Solvay
Specialty Polimers S.p.A. and currently used especially as membrane for electrolyte fuel
cells; this ionomer presents sulfonic groups and therefore could be potentially used as a
solid Brgnsted acid catalyst instead of trifluoromethanesulfonic acid or other liquid
traditional acids; furthermore, another goal of the present investigation was the check of
the possible salification of this ionomer by direct treatment with metals, such as Fe, Ga and
In, to prepare a potential heterogeneous Lewis acid usable in different reactions, such as
Friedel-Crafts acylation and alkylation and, as catalyst, in NaBH, reductive amination;
besides the preparation and the study of the activity of new metal based species, in this
present research work it was proposed to study a method for the production and
purification of a not commercially available carboxyreductase (CAR), known to selectively
reduce a benzoic acid and some fatty acids into the corresponding aldehyde; this enzyme,
originally obtained from Micobacterium marinum, was recovered by fermentation of
genetically modified Escherichia coli*’, during this work of thesis it was decided to test also
the activity of this enzyme in the selective reduction of 3-phenylpropionic acid to 3-
phenylpropanal, reaction which could be interesting for a potential synthesis of a natural

fragrance.
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Another important goal of this thesis work was the potential application of the new home-made

catalytic species to obtain chemicals of industrial interest comparing their performance with some

commercially available catalysts (Table 2.1). In this context, it was also decided to investigate in

some details the possible synthesis of Lioral™ and Helional™, two valuable commercial

fragrances.

Table 2.1. Reactions investigated during this thesis work

Reaction

Type of catalyst

_ Reaction  Typeofcatalyst  Investigated catalyst

Hydrogenation of a-

unsaturated carbonyl compounds

Hydrodechlorination

Synthesis of B-ketoester by
carbonylation

Synthesis of aldehyde by
carbonylation

Heterogeneous and
biogenerated catalyst

0.28 % Pd/Al,03;1.7 % Pd-EPS; 13
% Pd-EPS; 8.4 % Pd-Fe EPS

Reduction of nitro group

Heterogeneous and
biogenerated catalyst

0.28 % Pd/Al,03; 1.7 % Pd-EPS; 8.4
% Pd-Fe EPS; 0.27 % Pt/Al,03

Hydroformylation

Heterogeneous, bio-
generated and
hydrosoluble catalyst

1.2 % Rh-EPS; 0.18 % Rh/Al,0s3;
RhDHTA

Reduction of Phenol

Heterogeneous catalyst

0.18 %Rh/Al,03; 0.28 % Pd/Al,05

Reduction of a carboxylic group
to the corresponding aldehyde

Enzyme

Carboxyreductase (CAR)

Friedel Crafts acylation and
alkylation of aromatic and
heteroaromatic compounds

Reductive amination with
hydrides

Etherification, esterification,
amidation

Solid Lewis and
Bronsted acid

Aquivion® and its saline species
(Fe, Ga, In)
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3. DISCUSSION AND RESULTS

3.1 Preparation and characterization of the catalysts

In this paragraph, preparation and characterization of all heterogeneous-, biogenerated- and
water soluble-catalysts are reported. Enzyme carboxyreductase and the Aquivion®—based acid
catalysts are described in Chapter 3 (paragraph 3.11 and 3.12, respectively). The activities of all
catalysts were investigated on different types of reaction and the obtained results are presented

in dedicated paragraphs of Chapter 3.

3.1.1 Preparation of low content metal heterogeneous catalysts by deposition on an inorganic

support (Al,03)

Nowadays there are a lot of available heterogeneous catalysts but often they present some
drawbacks. As a matter of fact, their performances (selectivity, activity, productivity, stability) can
be unsatisfactory and they show good activity often with specific and highly pure substrates. For
these reasons sometimes it is very difficult to find a suitable catalyst for the investigated process®®.
Furthermore, the heterogeneous catalysts may be often affected by metal Ieachinglo. If this
phenomenon is relevant, the catalyst cannot be recycled, so the biggest advantage of the use of
heterogeneous catalysts is lost; finally, as also reported in Chapter 1, metal residues in the final
products may be a problem especially if the used metals are toxic.

In the literature many procedures to obtain heterogeneous catalysts are reported®. Considering
only the methodologies of metal deposition on the solid support (the support preparation is not

object of this thesis work) it must be remembered that there are three general approaches:

1. deposition of the active metal component on a carrier by impregnation, adsorption, ion-
exchange or precipitation followed by washing, drying, calcination and activation;

2. precipitation of a metal oxide or metal carbonate followed by drying, calcination and
activation;

3. preparation of a dense, nonporous compound or alloy containing the active component,
followed by extraction of the inactive material so leaving a porous, high surface area active

phase.
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The impregnation is the simplest and probably the most common procedure for dispersing a
catalytic species on a pre-dried support by incipient wetness with an aqueous or non-aqueous
solution containing a salt (precursor) of the catalytic element or elements. There are two
techniques for impregnating the support: the incipient wetness impregnation method and the wet
method impregnation. In the first technique, the precursor salt is dissolved in a volume of solvent
equal to the support pore volume, in the second method an excess of solvent is used.

As already reported in Chapter 1, there are many types of supports characterized by different

properties that can play an important role during the deposition or during the reaction.

Alumina is a common commercial support because it has excellent thermal stability and wide
range of chemical, physical and catalytic properties. Moreover, it also reported that alumina is
good support because the absorption of organic compounds on this material is very low, so
minimizing the mass balance problems38. The alumina family consists of more amorphous or
crystalline structures, with different surface area (0.5-600 m?/g), pore sizes, size distributions and
surface acidity. The structure and properties of alumina depend on the preparation method, purity
of alumina itself, dehydration and thermal treatment. For example, in Figure 3.1.1, some of the
more well-known transformations, as a function of calcination temperature, are reported. The
thermal treatment determines the final crystal structure and the chemical and physical

propertiesl3.
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Temperature, °C
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I | |
T
b .
Gibbsite Chi Kappa Alpha
a
Boehmite Gamma Delta Theta Alpha
a

) b

Bayerite Eta Theta Alpha
Diaspore Alpha

Figure 3.1.1. The different crystal structure of alumina in function of temperature; a) path

favored for fine crystals, b) path favored for most moist or coarse particles

Table 3.1.1. Surface Area (SA), Vpore and Dyqre Of different types of Aluminas

Teac (°C) Alumina Phase Y- (mz/g) Vpore (cm3/g) Dpore (M)
250 Pseudoboehmite 390 0.50 5.2
450 335 0.53 6.4
650 v-alumina 226 0.55 9.8
850 167 0.58 14
950 6-alumina 120 0.50 16.6
1050 B-alumina 50 0.50 28
1200 a-alumina 1-5 --- ---

In this thesis work, a preparation technique to obtain a low metal content catalyst, described into
a patent®, was replicated in order to obtain heterogeneous catalysts in a very simple way by
application of a wet method. It is important to remark that the procedure was originally described
only for the preparation of 0.15 % Rh/Al,03; moreover, despite the industrial use of this catalyst in
the reduction of a a-B-unsaturated ketone, both support and the catalyst obtained by metal
deposition were not characterized until now.

29



3.1.1.1 General procedure for low metal content heterogeneous catalysts preparation

These catalysts were prepared starting from the salts of the desired metals (e.g. chlorides) which
were reduced in the presence of hydrogen and trioctylamine (TOA) in an organic solvent (e.g.
dried THF). Subsequently the impregnation of the metal particles was made by addition of this

mixture on the support dispersed in the same dry organic solvent under H, atmosphere.

M"*Cl, + nTOA +H,

\I/ Metal nanoparticles
® o

——————> TOAeH(Cl

1)Al203/H2
2)Washing with THF

3)drying
A\

Al,04

Figure 3.1.2. Preparation of heterogeneous catalyst.

After deposition of the metal on the support, the catalyst was filtered on a syntered glass filter
and washed with dry THF, dried under vacuum at room temperature and can be immediately used
without any calcination treatment. This is a clear advantage in comparison with known methods.
The catalyst is stable and can be stored in the absence of moisture for months. The preparation is
very simple and relatively fast and is performed under mild conditions. In fact, Rh, Pd and Pt
catalysts were prepared by reduction of the metal salts for 3-24 h under 0.1-0.5 MPa of H, at 25°C
and the subsequent deposition step carried out, under stirring, for 24 h in 0.1 MPa of H,
atmosphere. An alternative procedure involves the contemporary reduction and metal particle

deposition on the support. It is also important to emphasize that the procedure is potentially
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applicable to other metals; however necessary condition is that the metal salts are reducible

under this experimental protocol.

3.1.1.2 Preparation and characterization of 0.18 % Rh/Al,O; catalyst

Adopting the procedure reported in paragraph 3.1.1.1, Rh/Al,O; was prepared. The amount of
metal, determined by UNI EN 13674:2004 + EPA 6010C 2007 method, was 0.18 % with a 75 % vyield
compared to the theoretical metal amount.

The used alumina, defined as y-alumina from the supplier’s specifications, has the following

characteristics (Table 3.1.2).

Table 3.1.2. Characteristics of used alumina according to the supplier

Characteristics Value

Al,03 content 99.5%
Packed bulk density (PBD) 730 g/dm’
Specific surface area (BET) 115 m?*/g
Particle size under 25 um 0%
Particle size under 45 um 31%
Particle size under 90 um 93.5%

Water content 0.32%

Pore volume (water titration) 0.47 cm3/g

The support was also analyzed by X-ray diffraction, BET adsorption, TEM microscopy and IR

spectroscopy with pulses of CO, NHs and CO,.
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Figure 3.1.3. X-ray spectrum of used alumina
On the basis of the obtained refraction peaks, the support could be a y-alumina in agreement with
some literature® and with the supplier, but, on the basis of other literature data® the possibility
of a 6-alumina could be perhaps more likely.
By BET analysis the specific area of the used alumina and of the obtained 0.18 % Rh/Al,0; were

determined and the hysteresis curves are reported in figure 3.1.4 (SSA is specific surface area):

300
] 2 //'
250{  —*—AlLO, (SSA=122m /g) S

—e—Rh/AI O_(SSA =119 m /g) / >

: i
I

100
4

Volume adsorbed (cm3/g)
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N il —

T T T T T
00 01 02 03 04 05 06 07 08 09 10
relative pressure (P/P)

Figure 3.1.4. BET analysis of Al,03; and Rh/Al,0;
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The adsorption isotherms of N, on the alumin and on 0.18 % Rh/Al,O3 are of type IV: this means
that both systems are mesoporous materials, characterized by calculated pores of 8-9 nm in
diameter™. Furthermore, it was found that the specific surface area of the support is 122 m?/g and
this value is similar to that reported by the manufacturer; after rhodium deposition, this value

slightly decreased to 119 m?/g.

With impulse of NH; the presence of Lewis and Brgnsted acidic sites, both on alumina (figure

3.1.5) and on 0.18 % Rh/Al,03 (Figure 3.1.6), was determined.

Absorbance (a.u.)

T T T T T T T T T
2000 1800 1600 1400 1200 1000

Figure 3.1.5. Adsorption of NH; on the used Alumina

The band at 1470 cm™ which appears as a result of the adsorption of ammonia, is attributed to the
bending vibration of ammonium ion. It reveals the presence of Brgnsted acid sites on the surface
of alumina. The other two bands at 1625 cm™ and 1245 cm™, respectively, are due to bending

. . . . 1
vibrations of ammonia adsorbed in molecular form*.
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Figure 3.1.6. Absorption of NH; on Rh/Al,030.18 %

The Brgnsted acidity of the catalyst does not increase after Rh deposition and treatment with
hydrogen, on the contrary it seems to become negligible. Furthermore, it is interesting to note
that this sample also presents carbonate species on the surface (Figure 3.1.6, bands in the range
1600-1400 cm™). These species are probably formed by interaction of atmospheric CO, with the
basic surface sites.

In order to determine the presence of the basic sites on the alumina a further analysis by CO,
absorption was carried out. The CO, absorption on the support (Al,03) reveals the formation of
bicarbonate species (the three bands in the range 1800-1200 cm?) confirming the presence of

basic sites (figure 3.1.7)*.

1647 cm™

1432 cm” 0.1

Absorbance (a.u.)

T T T T
2000 1800 1600 1400 1200 1000

cm’

Figure 3.1.7. Absorption of CO, on Al,O;
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The dimension of the Rh-particles was determined by TEM spectroscopy:

b)

Yellow arrow: 8.28 nm; red arrow: 8.03 nm; green arrow: 12.60 nm.
Figure 3.1.8. TEM analysis of 0.18 % Rh/AI,Os: a) general imagine; b) and c) highlight on some

clusters
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The analysis shows that the size of rhodium clusters ranges between 8 and 13 nm, so confirming a
nanostructure.
Finally, CO chemisorption analysis on 0.18 % Rh/Al,O; was made after pre-treatment of the

sample with H, by adopting the procedure reported at paragraph 5.13.7 of the experimental part:

0.01 o

—Rh-

!

\/

C

\

R

Absorbance

’—'l"\n

T T T T
2150 2100 2050 2000 1950 1900

Bl
cm

Figure 3.1.9. CO chemisorption analysis on 0.18 % Rh/Al,0O;

It is possible to observe the formation of Rh-CO (band at 2050 cm™) and Rh(CO), species (bands at
2086 cm™ and 2015 cm™, respectively). The Rh(CO), species are typical of big flat area or small
rhodium clusters, including isolated rhodium atoms. Monocarbonyl rhodium species [Rh(CO)] are
formed only in the presence of more active rhodium atoms and usually require the presence of

larger rhodium aggregates™>*.

3.1.1.3 Preparation and characterization of 0.28 % Pd/Al,O; catalyst

Adopting the above described procedure, a new Pd-based catalyst was prepared. The amount of
palladium (0.28%) was determined by atomic absorption after digestion of the sample in aqua
regia, and a metal absorption higher than 93% was determined with respect to the theoretical
amount. Due to the very low content of palladium, the CO chemisorption technique gave modest
information: the presence of a very low band at 2085 cm'l, reversible at room temperature, would
seem to suggest the presence of a limited number of sites able to chemisorb CO; at the moment it

was not possible to carry out further investigations with other techniques™.
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3.1.1.4 Preparation and characterization of 0.27 % Pt/Al,O3 catalyst

The catalyst was prepared following the above procedure. The amount of Platinum (0.27%) was
determined by atomic absorption after digestion of the sample in aqua regia, and a metal
absorption higher than 90% was determined with respect to the theoretical amount. The obtained
catalyst is a white powder. The catalyst was analyzed by chemisorption of CO and at 2046 cm™ it is

possible to see the band due to the formation of Pt-CO linear monocarbonyl specie45.
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Figure 3.1.10. CO chemisorbtion on 0.27 % Pt/Al,0;
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3.1.1.5 FT-IR analysis of three home-made catalysts

After pre-treatment with H,, the three home-made catalysts on alumina were analyzed by FT-IR.
From the obtained data reported in figure 3.1.11, it is possible to observe an enlarged band at
about 3550 cm™ due to hydroxyl groups forming hydrogen bonds. Furthermore, a band at 3000
cm™ due to stretching of an aliphatic chain, and a band at 1700 cm™, due to the presence of

carbonate species on the surface, are also detected.
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Figure 3.1.11. Analysis of three catalytic species by FT-IR
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3.1.2 Biogenerated catalysts

A few years ago, a strain of Klebsiella oxytoca BAS-10, a facultative aerobic bacterium, was isolated
from the acid drainage of a pyrite mine in Tuscany46. This microorganism is able to ferment citrate
producing CO, and CH3COOH. When the nutrients are finished and the stationary phase is started,
the microorganism begins to produce and secret a peculiar polysaccharide (EPS), having a
branched heptameric repeating structure with four a—rhamnose, two B-glucuronic acids and one

a-galactose (Figures 3.1.12 and 3.1.13)".

2)-a-Rha-(1-3)-p-Gal-(1=2)-a-Rha-(1=4)-3-GlcA-(1=3)-a-Rha-(1=3)-o-Rha-(1*~
4

)
B-GlcA

Figure 3.1.12. Sequence of monosaccharides that compose the heptamer repeat in unit present

in the of the exopolysaccharide (EPS)

CH,OH
OH O OH oH)—o OH

CH4 OH

OH OH OH
(Rha) (Gal) (GlcA)

Figure 3.1.13. Structure of ramnose (Rha), galactose (Gal) and glucuronic acid (GicA)

When the microorganism grows in 50 mM ferric citrate instead of Na-citrate, it produces a thick Fe
(1m-binding exopolysaccharide called Fe-EPS where EPS is able to bind particles of Fe (lll) up to 36
% + 4,5 %" It is important to note that iron is a key nutrient for the cell but it becomes toxic at
high concentrations. For this reason, the microorganism has developed a defensive system to
deliver Fe (ll) and Fe (lll) ions outside the cell. The exopolysaccharide surrounds the cell and
protects it from heavy metals, such as iron. This Fe-EPS complex was well characterized with

different technique536’49.
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By TEM and ESEM analysis various size nanoparticles of Iron were found randomly distributed
surrounding cells. Furthermore, the presence of ordered layers of iron nanoparticles into Fe-EPS

were observed by TEM micrographs™.

By X-Ray analysis it was found that the bond between Iron and the exopolysaccharide is similar to
the bond present in Ferritin. The atoms of metal are coordinated with six equidistant atoms of
oxygen into the first sphere of coordination while in the second sphere there are six atoms of
iron®. By XANES analysis it was found that Fe (1) and Fe (Ill) nanoparticles, with a medium valence
of 2.82, are incorporated in EPS. The use of this bio-generated iron species (Fe-EPS) as promising
catalyst in the hydroxylation of phenol, by using hydrogen peroxide, in an aqueous biphasic
reaction medium as well as in pure water, was recently described>®. At the light of these results it
was thought to prepare new EPS species based on palladium or rhodium, two metals widely used

as catalysts in various reactions of industrial interest.

3.1.2.1 Preparation and characterization of 1.7 % (Pd-EPS).ero» and activated 1.7 % (Pd-EPS)qerob

Over the last decades, palladium nanoparticles with different composition, size, shape and
distribution on support have been produced using different methodologies. Some approaches
were found to obtain Pd(0) nanoparticles which were catalytically very active and more resistant

50,51

to deactivation™>". Nanoscale metal particles (NPs) are usually characterized by high surface area

to volume ratios, high levels of stepped surfaces and high surface energies showing so improved

50,51

reactivity”>". Pd nanoparticles were obtained also using microorganisms. For instance, under

controlled conditions, cultures of S. oneidensis are able to reduce Pd(ll) to Pd(0) and to precipitate

catalytic PdNPs, named “‘bio-palladium”’, associated with microbial cell surface®*>?

. This process
might represent not only an economically interesting and eco-friendly production method to
obtain nanoscale palladium, but the resulting “bio-palladium” was also found to be a promising
catalyst towards reactions catalyzed by this metal. However, it is important to note that the so
produced metal nanoparticles are associated to cell membrane. This fact could be a problem, for
example, when these nanoparticles are used as catalyst to obtain commercial products. In fact, it
is not possible to exclude traces of cells into the final product which could affect the health of the

consumer. Therefore to obtain Pd species, embedded in a polysaccharide secreted out of the cells

of Klebsiella oxytoca and easily recovered and purified, could be an innovative approach™”.
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In order to replace iron with palladium on the same polysaccharide structure during cell growth of
Klebsiella oxytoca strain BAS-10, it was necessary to adopt a new synthetic strategy and change
the growing conditions of microorganism®’. As a matter of fact, whereas Fe(lll)-citrate is an
important growth factor of K. oxytoca, as citrate is a carbon and energy source and iron an
important micronutrient for the microorganism, Pd(ll), also combined with citrate, is not a
micronutrient is toxic and cannot support the cell growth, similarly to what was already
demonstrated with Al(lll)-citrate®. In order to circumvent the problem of palladium toxicity, the
BAS-10 strain was grown aerobically in static mode in the presence of sodium citrate as sole
carbon and energy source: in this way, an iron free EPS was produced. Pd(NO3s), was then added to
the culture, at the beginning of the stationary phase: after further 24 h of culture incubation a
palladium species bound to EPS (Pd-EPS).erop Was extracted with 200 mg/L yield. The content of
palladium (wt %) in (Pd-EPS).eron, determined by atomic absorption, was 1.7 %, therefore the
amount of recovered Pd from colture is about 7 %. The structure of this biogenerated catalyst was
determined by transmission electron microscopy (TEM), showing particles with diameters ranging
from about 30 nm for the smallest ones up to 550 nm in the case of particles aggregation (Figure

3.1.14)>.

41



Particle size distribution (n

Figure 3 1.14. Micrograph at TEM of 1.7 % (Pd-EPS).erob

After a deep investigation on the different parameters that can influence the formation of 1.7 %
(Pd-EPS)aeron  better conditions to obtain this palladium species in a reproducible way was
obtained; indeed, the growing conditions of Klebsiella are crucial to determine particle sizes and
other specifications.

In order to verify the possible oxidation states of Pd ions, 1.7 % (PdEPS).er0n Was analysed by X ray
photoelectron spectroscopy (XPS) (Figure 3.1.15). The Pd 3d region of Pd-EPS exhibited two peaks
due to Pd 3d(5/2) and Pd 3d(3/2). The Pd 3d (5/2) and Pd 3d(3/2) binding energies were obtained
as 337.7 eV and 343 eV, respectively>*. These binding energies are very close to those reported for
Pd(Il) ions>®*’. Besides calcium, clearly evident in the spectrum (Figure 3.1.15), other elements as

Mg (44.6%), P (38.9%) and N (15.3%) were detected in the sample.
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Figure 3.1.15. XPS spectrum of 1.7 % (Pd-EPS)aerob

Since in reactions as hydrogenation, the catalytically active species is Pd (0), a new species called
(activated 1.7 % Pd-EPS).erob Was obtained by treatment of an aqueous suspension of 1.7 % (Pd-
EPS)aerop With 1 MPa of H, at 30°C for 21 h. While 1.7 % (Pd-EPS).erob is a light yellow color, the
activated form is gray, likely due to the presence of Pd (0)>%.

A TEM analysis of this new species showed (Figure 3.1.16) that the particles present in the original
1.7 % (Pd-EPS).erop Species tended to aggregate to form jagged undefined structures. It is known
that biological nanoparticles are often not mono-dispersible and tend to cluster due to the capped

polymeric molecule®.

XN

-9

Figure 3.1.16 Micrograph at TEM of activated 1.7 % (Pd-EPS)aerob
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Also this new catalytic specie was analyzed by using XPS technique. The XPS analyses of “activated
1.7 % (Pd-EPS).erop Showed, besides the two peaks attributed to Pd(ll) ions, two more peaks in the
Pd 3d region with binding energies at 335.2 eV and 340.8 ev, respectively, very close to the values
reported for Pd(0)*®’. The ratio between Pd(ll) and Pd(0) was 1.9/1 (Figure 3.1.17). The amounts

of Ca, Mg, P and N were practically identical to those detected untreated (Pd-EPS).erob-

Pd(0) \** Pd 3d5f2-3f2 347.5 eV

335.2eV

Ca2p

32,172

Intensity/arb. u.

Pd(ll)
337.5 eV

TP RN DU SN SPUN N SR T B SR B
332 334 336 338 340 342 344 346 348 350 352 354

Binding Energy/eV

Figure 3.1.17. XPS spectrum of activated 1.7 % (Pd-EPS)aerob

Normally Pd(ll) is easily reduced to Pd(0) in the presence of H, in an aqueous system as well as in
bacterial cultures®® but in this case only about 30% of Pd (Il) was reduced. This unexpected and
surprising result can be tentatively explained. Excluding the presence of sulfur ligands, as
demonstrated by the XPS analysis, the partial reduction could be ascribed to the fact that a
relevant amount of palladium ions should not be bound to the —COOH and-OH groups of the
polysaccharide but it should be present as different palladium species, more difficult to reduce at
the present reaction conditions. The initial hypothesis was that a palladium phosphate could be
formed. As matter of fact the production of some metal phosphates during the growth of a parent
species of Klebsiella oxytoca such as Citrobacter sp., another microorganism able to ferment

59,60

citrate, was reported in the literature””". IR spectrum of Pd-EPS was so registered (Fig. 3.1.18B),

evidencing a strong peak at 1068 cm™ that is quite typical of the asymmetric stretching of a

phosphate ion®"®?

. Moreover, the relevant presence of phosphorous, determined by XPS
measurements, could further support the hypothesis of palladium phosphates formation in the

isolated material. However, preliminary X-ray data would seem to exclude any Pd-P bond,
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evidencing, on the contrary, the formation of inorganic phosphate salts, such as MgNH4PO3. An
alternative hypothesis could be the formation of palladium oxides covered by a layer of ionic Pd(ll)
species bonded to the polysaccharide functional groups and included in the sugar matrix, in a way
similar to that observed when Fe-EPS was prepared. This PdO could be so more resistant to the

reduction to Pd(0) in applied activation conditions™®.

4000,0 3000 2000 1500 1000

ol

S0 4000

Figure 3.1.18. (A) IR spectrum (KBr pellets) of Na-EPS (metal-free-EPS); (B) IR spectrum (KBr
pellets) of 1.7 % (Pd-EPS).erob-

For comparison a Pd-EPS was prepared also by an exchange reaction between iron-free-EPS
(Figure 3.1.18 A) and an acetone solution of palladium acetate. Also these Pd-species showed the
same IR profile of biogenerated Pd-EPS but the behavior of the former species was very different:
in particular, explorative hydrodechlorination experiments of chlorobenzene showed that (Pd-
EPS)aerob, directly produced during the microorganism growth, was much more active affording
benzene in 45% yield after 22 h at 30°C and 0.1 MPa of H,, while the palladium species prepared
by the exchange reaction produced benzene in only 6% yield®*®®. These results highlight the
relevance of the preparative method that may affect the availability and stability of the metal
bound to the polysaccharide in water. Based on these results it was decided to use only Pd-EPS

directly produced during the fermentation process of Klebsiella.
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Another important observed fact was that Pd-EPS species are able to catalyze the reaction only
when they are suspended in water. When the activity test was carried out only in organic solvent,
no reaction was observed. This behavior can be explained by hypothesizing that water blowing the
polymer structure allows to palladium to be available for the catalysis; in particular, it was
supposed that starting from a twisted exopolysaccharide with the metal atoms embedded in it,
water can unroll this structure so rendering palladium less hindered and more available to act as

catalyst™.

DN
Pd \F’d>\
pq' Pd Pd
) N Pd
N Pd
AN y
T—Pd
Pd

Figure 3.1.19. The exopolysaccharide could assume a spatial arrangement that does not hinder
the interaction between metal and reagents when the catalyst is suspended in water (left),

while it assumes a compact conformation in the presence of organic solvent (right)

For this reason, 1.7 % (Pd-EPS).erop and other obtained biogenerated species were used in aqueous

dispersion.

3.1.2.2 Preparation and characterization of 13 % (Pd-EPS)a,,ae,ob“

In order to increase the production of Pd-EPS species and the amount of immobilized metal it was
decided to try to change the fermentation conditions of Klebsiella oxytoca, working under
anaerobic static mode. In this way (Pd-EPS)anaerob Was obtained and the content of metal was 13%.

Citrate is transported by suitable up-take systems and it is catabolized throughout tricarboxylic
acid cycle with oxygen, whereas without oxygen it is fermented to acetic acid and CO,*®®>.

The citrate respiration is a faster process, so permitting to produce 1.7 % (Pd-EPS),erop Catalyst in a
shorter time (3 days). However (Pd-EPS)anaerob, Obtained under anaerobic conditions, has a higher

amount of palladium (13 %) determined by atomic absorption and was obtained in higher yield, in

fact after 7 days 300 mg/L (based on dry weight) were recovered. Furthermore, it is important to
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note that, in this case, the amount of recovered Pd from colture is 78 % versus only 7 % recovered
when the production was performed under aerobic conditions.

Also (Pd-EPS)anaerob Was analyzed with different techniques to determine differences with the
species obtained by aerobic fermentation. The high resolution XPS spectrum in Pd3d region is
reported in figure 3.1.20. Along with the j = 5/2 and 3/2 splitting components, a significant broad
band-shape profile is observed suggesting the presence of palladium species characterized by
different oxidation states and/or chemical environments. Spectral deconvolution of the Pd3d line
resulted into two doublet components. The main 3ds; spin-orbit peaks are centered at BE = 335.4

>1°¢ By comparing the

eV and 337.5 eV and are assigned to Pd(0) and Pd(ll) species, respectively
relative intensities of Pd(0) and Pd(ll) components, it was determined that Pd(0) accounts for ca.
70% of the total metal content in the sample. The Cls line (Fig 3.1.20, see inset) showed a single
peak centered 285.0 eV with a shoulder on the higher BE energy side. The band-shape is
consistent with the presence of a polysaccharide environment, where C-C, C-O, and C=0 carbon
components are expected. The main contribution to the core line at 285.0 eV is typical for
hydrocarbon species (-CH,-) arising from the alkyl moieties of the polysaccharide skeleton,

whereas the components at BEs ranging between 286.5 and 290 eV can be ascribed to the

polysaccharide groups containing oxidized carbon atoms®.
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3.1.20. XPS spectrum of 13 %(Pd-EPS)anaerob

More interesting is the XRD analysis of this sample. The corresponding diffraction pattern (Figure

3.1.21) revealed the presence of three peaks centred at 26=40.1° (111), 46.5° (200) and 68.1°
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(220), characteristic of crystalline fcc Pd. The mean crystallite size, as evaluated by the Scherrer
equation, is ca. 5 nm. Further signals were not observed in the spectrum, suggesting the absence
of any other detectable crystalline phase related to oxidized palladium species such as PdO, which

has its major diffraction peak at 26=34° (101)%*°’

. Accordingly, the microscopic structure of the
catalyst prepared during the fermentation process resulted very different. The micrographs of 13%
(Pd-EPS)anaerob (Figure 3.1.22) showed sub-nanoparticles, which roll over each other with an

avalanche effect due to the polysaccharide matrix in between.

40 w0 B e
X Wil (-

3.1.21. XRD analysis of 13 %(Pd-EPS)anaerob

3.1.22. Micrographs of 13 %(Pd-EPS)anaerob

3.1.2.3 Preparation and characterization of bimetallic EPS species

The field of heterogeneous catalysis, specifically catalysis on bimetallic alloys, has seen many
advances over the past few decades. Bimetallic catalysts often show different and distinct
electronic and chemical properties from their parent metals. This fact offers the opportunity to
obtain new catalysts with enhanced selectivity, activity, and stability. Bimetallic catalysts started
to gain considerable commercial interest in the 1960s for their use in hydrocarbon reforming,

because they displayed activities unlike those of the monometallic catalystssg. The findings of
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these unexpected properties of bimetallic catalysts have inspired many extensive investigations on
their possible applications. Currently bimetallic catalysts are widely utilized in many catalytic and
electrocatalytic applications®®. However, it is difficult to know a priori how the electronic and
chemical properties of a particular bimetallic surface will be modified relative to the parent
metals.

There are two factors that contribute to the modification of the electronic and chemical properties

of a metal in a bimetallic surface:

1. the formation of heteroatom bonds changes the electronic environment of the metal
surface, giving rise to modifications of its electronic structure through the ligand effect;

2. the geometry of the bimetallic structure is typically different from that of the parent
metals, e.g., the average metal-metal bond lengths change, resulting in the strain effect
that is known to modify the electronic structure of the metal through changes in orbital

overlap.

The preparation of bimetallic catalysts is not simple. Metal segregation, sintering, surface
enrichment of one of the metal and the inherent heterogeneity of bimetallic particles make the
preparation of highly dispersed and uniform bimetallic particles difficult by using conventional
impregnation or slurry methods technology. The dispersion of the active phase on the surface of
the support is influenced by many factors such as the nature of support, method of preparation,
calcination conditions, precursor and metal loading. In order to overcome these difficulties, many
preparation techniques have been developed such as the use of organometallic precursors,
reductive deposition-precipitation, electroless deposition, colloidal synthesis and many others®.
Since Klebsiella oxytoca produces an exopolysaccharide with a well-defined and repeated
structure, it was possible to think that the incorporation of two metallic species such as palladium
and iron could follow a certain biological mechanism in order to obtain a potential bimetallic
catalyst with defined structure. The presence of iron might increase the activity and selectivity of
palladium, but, more important, being iron a nutrient for the cell, its presence may increase the
production of Me-EPS.

During this thesis work, two different bimetallic species Pd-Fe-EPS were prepared and their

characteristics are reported in Table 3.1.3.
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Table 3.1.3. Amount of Fe and Pd and obtained yield of biogenerated Pd-Fe-EPS species

% of recovered % of recovered

Catalysts Pd (%) Fe (%) Yield (mg/L)
Pd Fe
8.4 % Pd-Fe-EPS 8.4 7.4 450 76 67
2.2 % Pd-Fe-EPS 2.2 14 1100 48 55

Preliminary EXAFS analyses on both catalysts did not show any Pd-Fe bonds while P-O-Pd bridges
were found. Furthermore, Pd nanoparticles were detected in both catalysts and from XPS analysis,

high presence of Pd(0) was determined®.

3.1.2.4 Preparation and characterization of Rh-EPS

At the light of the interesting results obtained by preparation of different Pd-EPS species, it was
also decided to prepare other metal-EPS materials. In particular, a new Rh-EPS was obtained by
fermentation of Klebsiella oxytoca under anaerobic conditions. As in the case of palladium, also
rhodium is not a nutrient for the cell. In order to obtain EPS without iron, the fermentation was
carried out by using Na-citrate; after 48 h, RhCl; was added and after further 72 h of incubation
the Rh-EPS was obtained. 560 mg of catalyst with 1.2 % of Rhodium content, determined by

atomic absorption, was recovered. The amount of recovered Rh from colture is 13 %.

3.1.3 Preparation and characterization of new water-soluble Rh-based catalysts

As reported in Chapter 1 water, as environmentally friendly solvent, implies the use of intrinsically
soluble metal complexes such as hydroxides and aqueous-complex or the utilization of hydrophilic
ligands.

During this thesis work and a contemporary research investigation in the group where this thesis
was performed70, it was decided to investigate the possibility to use a simple easily available and
low cost molecule as ligand for rhodium species. The attention was focused on dihydrothioctic
acid (DHTA). This compound has two thiolic groups in position 6 and 8 of the chain, potentially

able to complex rhodium. In addition, the carboxylic group, once salified, could strongly promote
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the solubility of the complex in water and behave as further coordination site. Ideally, it would be
possible to obtain a soluble complex in water, potentially suitable in aqueous biphasic catalysis.

DHTA is easily obtained by reduction of thioctic acid (TA) with NaBH,"".

O o)

NaBH,
OH HSV\(\/\)J\OH

S—sS
TA SH bHTA

Scheme 3.1.1. Reduction of thioctic acid (TA) into dihydro thioctic acid (DHTA)

Thioctic acid, also known as a-lipoic acid, is the oxidized form of DHTA and is widely available on
the market at low price. It is a natural molecule present in low concentration in the human body
with essential functions in aerobic metabolism. It is produced industrially and sold as dietary
supplement and antioxidant. DHTA is not very soluble in water, but after salification with Na,COs,
the salt form (DHTANa) is obtained. This form is soluble in water and for this reason, DHTANa can
be used as bidentate ligand for rhodium species. In this way, it would be possible to obtain a
catalytic species working in aqgueous medium or in aqueous biphasic system.

The catalytic species was prepared by introducing the [Rh(COD)Cl], (COD = 1,5-cyclooctadiene) in a
deaerated aqueous solution containing the sodium salt of DHTA, by using a molar ratio
ligand/metal 1:1. The solution obtained was stocked under nitrogen at 4°C and showed good
stability for medium-long time, maintaining its catalytic activity.

This obtained system was analyzed by *H-NMR and IR spectroscopy. Comparing the proton spectra
of the free ligand with the spectra of the complex, a chemical shift of the signal attributed to the
proton near to thiolic groups was observed. The proton on Cg shifted from 2.92 to 3.61 ppm while
the signals of the protons on Cg shifted from 2.60 to 3.12 ppm. This would indicate a possible
chelation of the sulfur atoms to the metal center. The infrared spectrum of the complex, recorded
between 4400 and 400 cm™, showed the disappearance of the band at 2560 cm™ due to SH

stretching, present in the spectrum of the free Iigand72.
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3.2 Synthesis of 4-(2-methoxynaphthalen-6-yl)butan-2-one (Nabumetone) (lI) by
hydrogenation of (E)-4-(2-methoxynaphthalen-6-yl)but-3-en-2-one (l)

Nabumetone (ll) is an anti-inflammatory pharmaceutical active ingredient (API) belonging to the
family of non-steroidal anti-inflammatory drugs (NSAIDs) and is used in the symptomatic
treatment of rheumatic and inflammatory conditions’>.

Nabumetone (ll) is a saturated ketone and can be prepared by selective hydrogenation of the
corresponding a-B unsaturated ketone, (E)-4-(2-methoxynaphthalen-6-yl)but-3-en-2-one (1)**. The
research of catalysts for the hydrogenation of multifunctional compounds such as an a-B
unsaturated carbonyl substrate also containing an aromatic or heteroaromatic rings is still of great
interest. The aim is to prepare very active and regioselective catalysts able to operate under mild
conditions and to minimize the formation of by-products such as saturated alcohol, unsaturated
alcohol and products of partial or total hydrogenation of aromatic or heteroaromatic rings.

In the literature the reduction of this type of C=C double bond in a generic structure as reported in

Figure 3.2.1 is described.
O

Ar/\)J\R

Ar = aryl; R = H, alkyl, phenyl

Figure 3.2.1. General structure of and a-B-unsaturated substrate

For example, the hydrogenation was carried out in methanol at room temperature and low
pressure using a non-commercial 1 % Rh/AIPOs with a substrate/catalyst weight ratio between 300
and 500. The preparation of this catalyst is not simple and it was also reported that the reaction is
fast although it is sensitive to the steric hindrance’. 5 % Rh on charcoal or alumina operating with
a substrate/catalyst weight ratio equal to 20 or 10 % Pd on charcoal (in the presence of pyridine as
co-catalyst), operating with a substrate/catalyst weight ratio equal to 100, are the preferred

catalysts for the hydrogenation of hindered carbonyl compounds75'76

. Recently, the efficient use of
Cu/SiO; catalyst in the selective hydrogenation of | to obtain Il, by using a substrate I/catalyst
molar ratio 100/1 was reported’’. It should be noted that the main advantage of this catalyst is the
use of economics and safety copper. This last feature, as already reported, may be important

especially when the catalysts are used in drugs synthesis.
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Thus, in order to avoid the presence of metallic contaminants in the final hydrogenated product
and in order to be able to reuse the catalytic system several times, it is necessary to select a
suitable support that does not release the metal.

During this thesis work, the reduction of the compound | was investigated by using the home
made catalyst 0.18 % Rh/Al,0s. Indeed, a 0.15% Rh/Al,O3 catalyst had already shown a very good
activity in the above hydrogenation process on industrial scale®. In this case the used rhodium
catalyst had been used up to 20 times (with small additions of fresh catalyst) but it was never
recovered from the reaction mixture being always maintained inside the reactor. The goal of this
work was to evaluate the activity of our catalyst in a bench reaction on lab. scale, in particular in
recycling experiments after separation and recovery of the catalyst from the reaction mixture.
Furthermore, since the characterization of the catalyst had not been reported, both fresh and
recovered catalysts after a hydrogenation reaction were characterized by CO chemisorption

analysis as reported below at paragraph 3.2.2.

3.2.1 Results and discussion
OH

O o
O
+
| I 1

Scheme 3.2.1 Selective hydrogenation of C=C double bond of | catalyzed by 0.18% Rh/Al,0;
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Table 3.2.1 Reduction of C=C double bond of |

P(MPa)  T(°C) t (h) Convl(%) 1l (%) 1 (%)
1 0.5 50 1 99 99 3714
2 0.5 30 1,5 97 97 1016
3° 0.2 30 20 64 64 119
4° 0.5 50 20 92 92 370
5¢ 0.5 50 1 93 93 4656
6° Recycling 80 80 4000

? reaction conditions: substrate | = 0.147 g (0.00065 mol); Rh/Al,0; 0.18 % = 0.010 g (substrate
I/catalyst molar ratio 3700/1); toluene = 5 mL; bsame conditions of run 1; “substrate I = 0.200 g
(0.00088 mol); Rh/Al,03 0.18 % = 0.006 g (substrate I/catalyst molar ratio 8000/1); toluene =5 mL;
9 substrate | = 3.56 g (0.016 mol); Rh/Al,O; 0.18 % = 0.180 g (substrate I/catalyst molar ratio
5000/1); toluene = 20 mL.

Carrying out the reaction under milder conditions, high activity and selectivity towards C=C double
bond were observed (run 1 and 5, Table 3.2.1) and maintained unchanged also when the catalyst
was recycled (run 6, Table 3.2.1). However, it is also important to remark that better selectivity of
catalyst was obtained when the reaction was performed with a high substrate I/catalyst molar
ratio. In fact, in an experiment, not reported in Table 3.2.1, carried out at 50°C and 0.5 MPa of H,
pressure and using a substrate I/catalyst molar ratio equal to 1000/1, a quantitative conversion of
substrate | was observed but 2 % of alcohol lll and 5 % of the sum of two other by-products were

also detected.
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3.2.2 Characterization of the catalyst

The catalyst used in run 5 (Table 3.2.1) was analyzed by CO chemisorption, after pre-treatment

with hydrogen, by adopting the procedure reported in the experimental part(paragraph 5.13.7):
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Figure 3.2.2. IR spectrum of used Rh/Al,03 0.18 % catalyst in the Rh-carbonyls signal area
Legend: black line: CO sending; green line: first expansion of CO; red line: expansion with vacuum

pump connected
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Figure 3.2.3. CO chemisorption analysis of fresh 0.18 % Rh/Al,0;
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Compared to the fresh catalyst (Figure 3.2.3, already reported and discussed in Chapter 3.1), it is
possible to observe the very intensive signal due to Rh-CO monocarbonyl species at 2050 cm?,
which is so strong to partially cover the signals due to the geminal Rh-CO, bands absorption (2086
cm™ and 2015 cm™). This is probably due to the partial aggregation of Rh particles. In order to
verify the potential structural changes due to pre-treatment with hydrogen, the un-treated
catalyst was analyzed but no interesting data were obtained probably due to the oxidation of

rhodium.

3.2.3 Conclusions

The home made 0.18 % Rh/Al,Os is very active toward the hydrogenation of C=C double bonds
working under mild conditions. The procedure of patent® was confirmed but more detailed
information was obtained. A partial agglomeration of Rh particles was determined by CO
chemisorption analysis and this could explain the slight loss of activity. Furthermore, the presence
of organic residues on the analyzed catalyst, despite a washing treatment, was detected and this
might have influenced also this reduced activity (Figure 3.2.4). The used catalyst was analyzed to

determine the metal content and obtained result confirm no leaching phenomena occoured.

2,0

Absorbance

-0,5

T T T T T
3500 3000 2500 2000 1500 1000

cm

Figure 3.2.4. IR spectra of catalysts from 3500 to 1000 cm™ after first use. The signal of organic
residue is present at 1000 cm™
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3.3 Hydroformylation of styrene (IV): introduction

The reaction of hydroformylation, also known as oxo-synthesis, is a catalytic reaction which allows
to obtain aldehydes from an olefin by addition of CO and H, to the carbon-carbon double bond™’.
This process is widely used in industry to synthesize many oxo-products, important intermediates
for a large number of compounds ranging from pharmacologically active compounds,
agrochemicals and perfumes. The study and choice of the catalytic system is fundamental to
increase the yield toward the desired product. One problem regards the chemo-selectivity of the
reaction; in fact the hydroformylation catalysts may induce hydrogenation and isomerization side
reaction. As far as the regio-selectivity of the reaction is concerned, the problem is the attack of
the formyl group —CHO on the carbon atoms of the C=C double bond, so affording a mixture of

aldehydes (Scheme 3.3.1)%.

R CHO R
+ CO + HZ R/\/ + + /\cl::o + R/\/\CHO

Cat. R

Scheme 3.3.1. Possible products obtainable in the hydroformylation reaction

It is known that main hydroformylation catalysts are cobalt-, rhodium- and platinum-based
complexes, usually containing phosphino ligands. While platinum was profitably used only in the
lab-scale, cobalt and rhodium were also applied in industry and the most efficient catalysts in
terms of both activity and selectivity are rhodium complexes, capable to operate under mild
conditions™*°.

Hydroformylation is one of the most important industrial reaction catalyzed by soluble metal
complexes. The major drawback of this homogeneous process is the separation of the expensive
catalyst from the product mixture that requires an energy intensive process such as distillation.
For this reason and for the consideration of the environmental aspects of the chemical production,
liguid-liquid biphasic systems have been developed in these last years, with the catalyst confined

in one of the two phases and the product in the other phase®®’®

. In particular, the use of
environmentally more benign solvents such as water has been developed and the
hydroformylation process represents one of the most striking example of this catalytic

methodology. Since 1984, C4 and Cs aldehydes from propene or butene are produced by using the
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aqueous biphasic OXEA process (former Ruhrchemie/Rhone-Poulenc) catalysed by the water
soluble complex Rh/TPPTS (TPPTS = triphenylphosphine-3,3’,3”-trisulfonic acid trisodium salt)’*%.
Besides phosphines as TPPTS, many other new ligands and/or surfactants having different
hydrophilic groups such as —COOH, NRj;, -OH, etc. have been designed to prepare new water
soluble catalytic precursors™®. It is known that also natural compounds, such as aminoacids,
peptides, proteins and sugars are able to bind metallic species and maintain them soluble and
active in water #%2,

However, the aqueous biphasic process presents some drawbacks as the low solubility in water of
high molecular weight olefins®, the possible degradation of the catalyst that can lead to inactive
hydroxylated rhodium species in the hydroformylation reaction® or to the formation of inactive
clusters with phosphine bridges®. To reduce these problems, some immobilized homogeneous
catalysts have been developed by using organic support functionalized with diphenylphospine,
tertiary amine, thiol groups or inorganic support86.

Furthermore, the encapsulation of homogeneous catalysts in inorganic supports such as zeolites
was also studied®’. Finally, biopolymers as supports for transition metal catalysts have also
attracted the interest of researchers due to their abundance in nature, renewability,
biodegradability and non—toxicitygl.

Only few examples of hydroformylation reactions carried out by using heterogeneous rhodium

based catalysts as Rh on activated carbon® or Rh on silica®® have been reported but

heterogeneous catalysts are not currently used industrially.

3.3.1 Discussions and results

To test the activity of Rh based home-made prepared catalysts (0.18 % Rh/Al,O3, 1.2 % Rh-EPS and
RhDHTANa, see chapter 3.1.1.2, 3.1.2.4, 3.1.3 respectively) in the hydroformylation reaction,
styrene (IV) was chosen as model substrate. A peculiarity of styrene hydroformylation is that the
branched aldehyde is predominantly formed. This result has been explained by assuming a greater
stability of the branched 6-alkyl intermediate (A) than to the linear isomer (B) formed in the
catalytic cycle, because of the delocalization of the negative charge on the aromatic ring (Scheme

3.3.2)%.
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Scheme 3.3.2. The delocalization of the partial negative charge on the aromatic ring favors the

formation of the branched aldehyde

The obtained results in the hydroformylation of IV are reported in Table 3.3.1, 3.3.2 and 3.3.3 by

using the three different Rh-based species prepared during this work of thesis:

(f CO, H, ©)\CHO CHO
_OF | . \
v \Y, \ VI

Scheme 3.3.3. Hydroformylation of IV

Table 3.3.1. Hydroformylation of IV catalyzed by 1.2 % Rh-EPS catalyst

Run Conv. IV (%) ‘ V(%) VI(%) VI(%) V/VI TOF

1 91 85 6 --- 14 32

1° Recycle 79 74 5 15 27
2° Recycle 99 90 9 - 10 34
3° Recycle 88 83 5 17 31
4° Recycle 97 90 6 1 15 34

Reaction conditions: substrate IV = 0.025 g (0.24 mmol), 1.2 % Rh-EPS = 0.003 g (substrate
IV/catalyst molar ratio 700/1); toluene = 2 mL; H,O = 2 mL; p(H,)=(CO)=3 MPa, T=60°C; t =20 h
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The biogenerated catalyst 1.2 %Rh-EPS was used in the aqueous biphasic system and
demonstrated a good activity (run 1, Table 3.3.1) in the hydroformylation of IV at 60°C and 6 MPa
of syngas for 20 h (CO/H,=1), by using a substrate IV to rhodium molar ratio 700/1. After any
reaction, the aqueous catalytic phase was separated from the organic products and recycled four
times (Table 3.3.1): in all recycles the catalyst showed high activity (79-99 %) and also high

selectivity toward the branched aldehyde V.

Table 3.3.2 Hydroformylation of IV catalyzed by [Rh(DHTANa)]

Run Conv.IV (%) V(%) VI(%) VII(%) V/VI TOF

1 99 83 16 5 50

1° Recycle 97 82 15 - 5.5 50
2° Recycle 99 84 15 - 5.6 50
3° Recycle 98 80 18 4.4 49

Reaction conditions: substrate IV = 0.52 g (0.005 mol); toluene = 2 mL; 0.005 M H,O solution of
[Rh(DHTANa)]= 1 mL (substrate IV/catalyst molar ratio 1000/1), p(H,)=p(CO)=4 MPa, T=80°C.

The aqueous biphasic of IV hydroformylation was carried out also by using [Rh(DHTANa)]. This
catalyst showed a very good catalytic activity affording an almost quantitative substrate IV
conversion after 20h at 80°C and 4 MPa of syngas (CO/H, = 1) (run 1, Table 3.2.3). The main
product V, was obtained with 85 % selectivity. The aqueous catalytic phase was recycled three

times and both activity and selectivity remained practically unchanged.

Table 3.3.3 Hydroformylation of IV catalyzed by 0.18 % Rh/Al,0;

Run Conv. IV (%) V(%)  VI(%) VI (%) V/VI TOF

1 99 93 6 - 15.5 40

1° Recycle 99 92 7 13 40
2° Recycle 99 90 9 - 10 40
3° Recycle 50 44 2 4 22 20

Reaction conditions: substrate IV= 0.364 g (0.0035 mol); Rh/Al,O; 0.18 % = 0,8 g (substrate
IV/catalyst molar ratio 800/1); toluene = 10 mL; p(H,)=(CO)=2 MPa, T=50°C; t = 20 h;
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Also heterogeneous catalyst 0.18 % Rh/Al,O; showed high activity and selectivity (run 1, Table
3.3.3) and after the use, it was recovered from the crude mixture by filtration on sintered glass
filter. The catalyst was recycled three times and in the first two recycles the activity and selectivity
remained high (1° and 2° recycling, Table 3.3.1) but in the third recycling the activity decreased.
However, the selectivity towards the branched aldehyde V remained high and even increased. It
should be noted that both the fresh catalyst and the recycled one were treated, before use, with 2
MPa of CO for 20 h at room temperature: as a matter of fact, when the reaction was carried out by
using a not pre-activated catalyst, the formation of acetophenone was observed, probably due to

oxygen absorption on catalyst surface.

3.3.2 Analysis of the recovered 0.18 % Rh/Al,O3 catalyst from the hydroformylation of styrene
(Iv)

The recovered catalysts after first use (run 1, Table 3.3.3) and third recycle (Table 3.3.3) were

analyzed by FT-IR after CO chemisorption following the procedure described at paragraph 5.13.7.

[1 Absorbance

Absorbance
. -""‘?4;———*
T

T T T T
2150 2100 2050 2000 1950 1900

3+
2250 2200 2150 2100 2050 2000 1950 1900 1850 1800 cm'”

-1
cm

Figure 3.3.1. Left: analysis of 0.18 % Rh/Al,O; catalyst after first use in styrene hydroformylation
(run 1, Table 3.3.3) Legend: red line: background, blue line: first expansion of CO, green line:

second expansion of CO (in vacuum); Right: analysis of fresh catalyst

From the obtained data, it is possible to observe in the used catalyst after first use (Figure 3.3.1
left) the formation of Rh,-CO species at 1850 cm™, Rh-CO at 2050 cm™ and Rh-(CO), at 2086 cm™

and 2015 cm™. The formation of Rh,-CO and Rh-CO species is reversible and during CO expansion
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the signals attributed to these species decreased. On the contrary, the signal of Rh(CO), remains
essential constant because this species is formed in an irreversible way. The small increase of Rh-
CO and Rh,-CO observed in the recovered species is probably due to the increase in the size of
rhodium particles: this enhancement of the rhodium particle size is also confirmed by TEM

analysis:

. d ‘..' 43 AT, § e
Figure 3.3.2. TEM analysis: a) and c): presence of deposition of organic material on the catalyst;
b) particle size of rhodium after first use in the hydroformylation reaction; d) and e) particle size
of rhodium in the fresh catalyst
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As reported in Figure 3.3.2 it is possible to observe that after the first use in the hydroformylation
reaction the size of rhodium particles increased with respect to the fresh catalyst. Furthermore, it

was also observed deposition of organic material on the metal particles, also confirmed by IR

analysis (Figure 3.3.3).

Absorbance

T T T T T T T T T
3500 3000 2500 2000 1500 1000

Bl
cm

Figure 3.3.3. Strong absorption band at 1250 cm™ is ascribable at deposition of organic material

on catalyst.

Before CO chemisorption, the sample of used catalyst was analyzed after H, pre-treatment or
without any pre-treatment. In this case, it was possible to demonstrate that H, treatment does not

affect the catalyst structure (Figure 3.3.4) even if it is useful to clean the metal surface.
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Figure 3.3.4. Analysis of recovered 0.18 % Rh/Al,0; without H, treatment. Legend: blue line:

background, green line: CO pulse, red line: first expansion, black line: second expansion

The catalyst recovered after the third recycle was also analyzed by CO chemisorption with pre-

treatment with H,:

0
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cm’
Figure 3.3.5. Obtained spectra from analysis of 0.18 % Rh/Al,0; recovered from third recycle by

chemisorption of CO. Legend: black line: CO pulse; red line: first expansion, green line: second

expansion
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Also in this case, it is possible to observe the formation of three rhodium species which confirm a
partial aggregation of the metal particles could explaine the reduction of activity. Furthermore,
the possible organic residue due to not sufficient washing or due to partial polymerization of
styrene (IV) could contribute to observe partial deactivation. Also in this case the recovered
catalyst after the third recycle was analyzed and the content of Rh was not affected in relevant

manner so excluding leaching phenomena.

3.3.3 Conclusion

In conclusion, all the obtained catalysts were very active in the hydroformylation process of IV and
they could be considered potentially interesting materials for industrial applications. In particular,
it is important to underline the performances of 0.18 % Rh/Al,03, especially in the light of the fact
that only few examples of heterogeneous catalysts are reported in the literature for this type of
reaction. Slight differences in regioselectivity and activity on the three catalytic materials were
observed, but no attempt to identify the best experimental conditions for each of them and to

choose the best hydroformylation catalyst was made for the moment.
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3.4. Hydrogenation of phenol (VIII): introduction

The hydrogenation of phenol (VIII) is an important reaction in the chemical industry. The most
important product formed by this reaction is cyclohexanone (IX) which is a key intermediate for
the production of caprolactam for nylon 6 and of adipic acid for nylon 6,6°°.

However this reaction is not selective and a mixture of IX and cyclohexanol (X) is usually obtained.
For this reason, the most widely used industrial method to obtain IX is the cobalt catalyzed
oxydation of X or of cyclohexanego. It is clear that a selective process that allows to obtain directly
and selectively IX from VIII may represent a simpler synthetic way, which is energetically more

efficient and may produce lower amount of wastes (Scheme 3.4.1)"

O

Vil \/’é& OH
Hy
@ o )

Scheme 3.4.1. Possible hydrogenation pathways of phenol (VIII)

X

The selective synthesis of IX by the one-step hydrogenation is largely dependent on the catalyst
properties and up to now a widely range of catalysts have been designed for this reaction, mostly
carried out in gas phase. However, liquid-phase hydrogenation of phenol (VIIl) might increase the
selectivity to cyclohexanone (IX) since the reaction could be performed at lower temperaturegl.
Nowadays, the selective hydrogenation of phenol (VIIl) is industrially carried out in gas phase at
0.1-0.2 MPa of H, in the presence of Pd/Al,03 catalysts promoted with alkali or alkaline earth
metals which improve activity, selectivity and stability of the catalystgz.

More recently, many catalytic systems have been developed by using different supports> or Pd

3% 1o improve the selectivity toward IX.

nanoparticles94 or different metals such Rh and Ru
As concerning the support, the influence of base or acid sites has been deeply studied. Several
reports indicate that base sites favor the formation of IX whereas other authors indicate that acid
sites promote this process. The acid-base property seems to have influence on the adsorption-

desorption equilibrium of reactants and products, being responsible of the selectivity towards the
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reaction product593. It is reported that VIIl adsorbed in nonplanar way on the base sites of support
should gives IX, on the contrary when it is adsorbed on the acid sites in the coplanar way the
formation of X should be preferred®’. However, probably the mechanism is more complex and the
presence of acid sites could favor also the isomerization of intermediate cyclohex-1-enol into
cyclohexanone (IX)%.

As far as the hydrogenation of VIII is concerned, this reaction is also important from an
environmental point of view. Compounds containing a phenol moiety are starting compounds
and/or intermediates in many industrial processes and are present in effluents from coke ovens,
oil refineries, petrochemical units and polymers production and agricultural wastes. These
wastewaters are characterized by variable concentrations of phenolic compounds (500—4000
mg/L)*and the full reduction of these compounds can lead to the formation of less toxic
products'®. For example in Table 3.4.1 the toxicity of phenol (VIII) and their hydrogenation

products (IX and X) are reported.

100

Table 3.4.1. Toxicity of compounds VI, IX and X

Compound EC 50 (mg/L)" T.U (1000 mg/L solution)™
Phenol (VIII) 15.9 63
Cyclohexanone (IX) 11.6 86
Cyclohexanol (X) 18.5 54

"EC 50: half maximale effective concentration; ~ T.U: toxicity unit
3.4.1.Results and discussion
The hydrogenation of VIII was carried out by using 0.28 % Pd/Al,03; and 0.18 % Rh/Al,0;. When
the reaction was performed in the presence of Pd catalyst with VIII/Pd molar ratio 1000/1, at 60°C

and 0.5 MPa of H; in water, after 1 h, only 26 % conversion into IX was found. By using 0.18 %
Rh/Al,O3 better results were obtained (Table 3.4.2).
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Scheme 3.4.2. Reduction of VIII

Table 3.4.2. Reduction of VIII catalyzed by 0.18 % Rh/Al,0; at different conditions

Run T(°C) t (h) Conv.VIII (%) IX (%) X (%)
1a

50 20 99 69 30
2’ 1° Recycle 84 71 13
3° 2° Recycle 18 15 3
4°

60 5 99 54 45
53

60 1 88 76 12
6b

60 1 99 59 40

Reaction conditions:  substrate VIII = 0.016 g (0.17 mmol); 0.18 % Rh/Al,O3 = 0.010 g (substrate
VIll/catalyst molar ratio 1000/1); H,O = 10 mL; p(H,) = 0.5 MPa; b scame conditions of run 1 but 10

mL of cyclopentyl methylether was used.

Good selectivity and activity were obtained when the reaction was carried out at 60°C for 1 h (run
5, Table 3.4.2).

Fine activity and selectivity towards the formation of IX were observed working in water with very
high substrate VIII/Rh molar ratio, at lower temperature or reducing the reaction time (runs 1 and
5, Table 3.4.2); on the contrary, increasing reaction time or working in organic solvent (cyclopentyl
methylether) the formation of X increases (run 4 and 6, Table 3.4.2). It was also possible recycle
the catalyst at least for one re-use. It is to underline that working with minimum amount of
catalyst (0.010 g), it was decided to recover and re-use directly the water phase after extraction
with toluene without filtration or other cleaning treatment of the catalyst. In conclusion, the
homemade 0.18 % Rh/Al,O3 results competitive respect to the performance reported for other Rh
catalysts operating in different solvents and conditions (supercritical CO, or ionic quuid)95'96.
Furthermore, unlike what reported in the literature for other rhodium based catalysts, this catalyst

does not seem to cause the hydroxyl group elimination™®. A deeper study to optimize the reaction

parameters is forecast in the next future.
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3.5 Synthesis of B-Ketoesters: introduction

B-Ketoesters are widely used in many different industrial fields. For example, pyridines and

pyrazolones are prepared from reaction between pB-ketoesters and nitrogen-containing

102,103,104,105

binucleophiles . Other uses regard the preparation of a few ligands for homogeneous

106 107

catalysis™, the production of sols and polymers using sol-gel technology™ ', the synthesis of

biologically active compounds such as agrochemicals®®'%,

Table 3.5.1. Some methods to obtain B-ketoesters

Claisen condensation

O
O

O
1) NaOEt
R)J\O’ 2) H;0* RJ\/U\U

Blaise reaction

Br__COzR; 1) Zn 2) 50 % K,CO4 o O
RCN + T

Ry 3) HCI RMO” R

Carbonylation reaction

R/U\/x CO, ROHNaHCO4 RMO/R

Cat.

O‘

In order to prepare B-ketoesters in high yield a multitude of synthetic methods have been
investigatedm, however, the classical used methods are Claisen condensation and Blaise reaction.
In Claisen condensation, two esters are condensed in the presence of one or more equivalents of a
strong base. In Blaise reaction, a-bromocarboxylic ester reacts with a nitrile in the presence of one
or more equivalent of zinc. However these methods have several drawbacks. For example, Claisen
and related condensation processes suffer from the need of a stoichiometric amount of an
expensive strong base, while Blaise reaction suffers of use of expensive nitriles and generates a
large waste stream because a stoichiometric amount of zinc and ammonium salt are produced as
by-products'®.

The synthesis of B-ketoesters by carbonylation of a-haloketons appears a good choice even if toxic
CO is required; in fact the reaction can be carried out in a one step and the desired product can be

easily recovered from the crude mixture, and minor quantities of wastes are produced. However,



data on the carbonylation of a-haloketones by using palladium catalysts are scanty, probably due
to the low yields obtained if the reaction parameters are not fine tuned™.

Usually, the carbonylation of a-haloketons is carried out by using CO pressure ranging between 0.3
and 10 MPa, in the presence of transition metal based catalysts, often using as solvent the same
alcohol present in the final ester group. The optimal pressure depends on the structure of
substrate and in general the yield increases when the pressure of CO increases. Good results on
acyclic substrates were obtained with pressure values between 1.5 and 4 MPa. To neutralize the
acid formed during the reaction, either organic bases, such as tertiary amines, or inorganic bases
have been used, usually in excess with respect to the substrate. The reaction is often carried out

by using Pd-based homogeneous catalysts in the presence of phosphines. These kinds of catalysts

have shown high activity also at milder conditions, compared to rhodium or cobalt based

112,113 114

catalysts . Before research activities of the group in which this thesis was made™"", at the best
of our knowledge, heterogeneous Pd-catalyst have been claimed in reference® for the synthesis
of B-ketoesters by carbonylation of haloketones. Indeed, the activity of heterogeneous catalysts
could be due to the formation of colloidal palladium species with a behavior similar to
homogeneous catalyst; at the end of the reaction, these colloidal species could be absorbed again
on the support but the recovered material could be different in structure and in activity“s.

The possible mechanism of reaction under homogeneous conditions is reported in the following

Scheme 3.5.1.
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Scheme 3.5.1. Possible catalytic cycle for the carbonylation of a-haloketones by using Pd-based

homogeneous catalysts

The first step of the reaction is the oxidative addition of the a-haloketone to Pd atom.
Subsequently there is the addition and insertion of CO followed by the reductive elimination of the
B-ketoester. During the reaction some by-products can be formed. For example alcohol or another
potential nucleophile can react with the reactant by nucleophilic substitution. Other side reactions
can form ketone derivatives. To synthesize a high amount of B-Ketoester is necessary to use a
good catalyst that minimizes the undesired reactions, to check the reaction parameters and to

dose the reagents correctly.
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In the literature the carboxymethylation of a-chloroketones to obtain B-ketoesters as

108,109
d

intermediate for agrochemicals is reporte and for example, the synthesis of ethyl 3-(4-

chloro-5-(cyanomethoxy)-2-fluorophenyl)-3-oxopropanoate is described in reference®.

F O F O O
Cl A~
CO, CH3CH,0H O
Cl Base, Cat. Cl
O._CN O._CN

Scheme 3.5.2. Synthesis of ethyl 3-(4-chloro-5-(cyanomethoxy)-2-fluorophenyl)-3-

oxopropanoate by carbonylation

198 the synthesis of a family of chloroketones is claimed by carboxymethylation of a-

In this patent
chloroketones in the presence of Pd catalysts and phosphorous ligand. In particular it reports good
activity and selectivity by using homogeneous and heterogeneous catalysts in different conditions;
reactions are carried out in inert solvents or in the same alcohol used as nucleophile, too.
Subsequently, a Japanese patent'*® claimed the use of peculiar phosphorous ligands to obtain
good results.

Preliminary carbonylation tests were carried out on three different of a-chloroketones having a

structure similar to that of the industrial compound precursor of ethyl 3-(4-chloro-5-

(cyanomethoxy)-2-fluorophenyl)-3-oxopropanoate (Figure 3.5.1):

e} (@] (@]

X] Xl X

Figure 3.5.1. Selected substrates

The carboxymethylation of these substrates have already been investigated in the laboratory
where this thesis was made, by using homogenous and heterogeneous Pd-based catalysts in the
presence of phosphine under different conditions (p(CO)=1.5-5 MPa, T=80-100°C) but, besides the
formation of the desired compounds, the hydrogenolysis of C-Cl was detected especially when the

substate Xl was studied*’.
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In order to improve the selectivity of this reaction, during this thesis work, the new homemade
heterogeneous catalysts 0.28 % Pd/Al,O3; and 13 % (Pd-EPS)anaerob Were tested. Furthermore, for
comparison, the reaction was investigated by using a 5 % Pd/C commercialized by Chimet s.p.a.
This catalyst was chosen because it is very active in various types of industrial processes. It is also
important to note that the all reactions were performed in absence of phosphine in order to make

the process more economical.

3.5.1 Results and discussion

In Table 3.5.2, encouraging results, obtained by using 2-chloro-1-phenylethanone (XI) as starting

material, are reported:

o) O O O
Cl
CO, CH 30H, MEK O/ N
NaHCO 3, Cat.
Xl XIvV XV

Scheme 3.5.3. Carboxymethylation of 2-chloro-1-phenylethanone (XI)

Table 3.5.2. Carboxymethylation of 2-chloro-1-phenylethanone (XI) in the presence of different

Pd catalysts

Catalyst t (h) p|\(/|cp2) Co(rl/‘:j X'xv o) xv (%) pgtdhfcrt:‘('% ) TOF
1°  Pd/AL0;0.28% 22 4.5 84 84 19
2 Pd/AL0;028% 22 2.5 81 73 8 18
3°  Pd/AL0;0.28% 5 2.5 37 37 37
4° Pd/C5 % 5 2.5 36 30 6 36
5°  Pd/A,050.28% 2 2.5 35 35 87.5
6° Pd/C5 % 2 2.5 34 34 85
7°  Pd(OAc),/PPh; 18 2.5 99 89 10 55
8°  Pd(OAc),/PPh; 4 4 99 93 6 18

Reaction conditions: ® substrate XI = 0.154 g (0.001 mol); CHsOH = 0.256 g (CH3sOH/XI molar ratio
8/1); Pd/Al,0; 0.28 % = 0.076 g (substrate Xl/catalyst molar ratio 500/1); NaHCO; = 0.126 g
(base/substrate XI molar ratio 1.5/1); methylethylketone (MEK) = 7 mL; T = 100°C, b 0.008 g of
Pd/C 5 % (substrate Xl/catalyst molar ratio 500/1, the catalyst is 50 % wet); © 0.0022 g of Pd(OAc),
(substrate Xl/catalyst molar ratio 100/1) and 0.005 g of PPhs (PPhs/Pd molar ratio 2/1) was used as
catalyst. Before use, the catalyst was dissolved into 5 mL of MEK and activate at p(CO) = 1 MPa for

2 h.
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The reactions were performed by using NaHCO3 as base and with a controlled amount of CH30OH
(alcohol/XI molar ratio 8/1). The used catalysts were the homemade 0.28 % Pd/Al,03 and the
commercially available 5 % Pd/C (Chimet), in absence of phosphine as metal-stabilizer.

The amount of CH30H is important for the reaction selectivity, in fact higher amount of alcohol
can lead to the formation of byproducts by nucleophilic substitution but a too low amount can
reduce the reaction rate. Low reaction rates were observed also carrying out the reaction in the
presence of low amount of solvent MEK.

Before performing the reaction, all the catalytic systems were activated under 1 MPa of CO for 2 h
at 25°C. For comparison the reaction was also carried out by using the homogeneous catalyst
Pd(OAc), in the presence of triphenylphosphine (runs 7 and 8, Table 3.5.2). It was found that the
selectivity of the reaction is better when the homemade 0.28 % Pd/Al,03; was used rather than the
homogeneous catalyst (run 1 compare to run 7 of Table 3.5.2). Furthemore, it also possible to
observe that the activities of 0.28 % Pd/Al,03;, 5 % Pd/C and of the homogenous system are
absolutely comparable. It is important to remark that in the presence of Pd(OAc),/PPhs the
substrate Xl/catalyst molar ratio was 100/1 while when the heterogeneous catalyst was used this
ratio was 500/1. Noteworthy, by comparing the homemade catalyst (0.28 % Pd/Al,03) with 5 %
Pd/C, the metal content of the first catalyst is 1/20 of the latter one and therefore 0.28 % Pd/Al,03
is definitely cheaper.

The synthesis of methyl 3-oxo-3-phenylpropanoate (XIV) was also carried out in an aqueous

biphasic system by using the biogenerated catalyst 13 % (Pd-EPS)anaerob.

o) O O o) o
Cl' Co, CH ;0H, MEK o~ OH
(j)v NaHCO 3, Pd-EPS 13%w * ©)\ * (j)Jv * 8%3{12%/
XV XV XV

Xl

Scheme 3.5.4. Synthesis of XIV by using 13 % (Pd-EPS)anaerob as catalyst

The obtained results are reported in the Table 3.5.3.
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Table 3.5.3. Carboxymethylation Xl in the presence of 13 % Pd-EPS

Run  Conv.XI (%) XIV (%) XV (%) XVI (%) by_pggﬂg o TOF
1° 99 51 5 19 24 25
2° 99 23 8 29 39 25
3¢ 76 28 3 5 40 19

Reaction conditions: ® substrate XI = 0.3 g (0.0020 mol); CH30H = 0.49 g (CH3;OH/substrate XI molar
ratio 8/1, d=0.79 g/mL); 13 % (Pd-EPS)anaerob = 0.0032 g (substrate Xl/catalyst ratio 500/1); NaHCO3
= 0.245 g (base/substrate XI molar ratio 1.5); MEK = 7 mL; H,O = 2 mL; p(CO) = 4.5 MPa; T = 100°C;
t = 20 h; before use, the catalyst was active dispersed into 2 mL of H,0 and activated at p(CO) = 1
MPa for 2 h; ° experiment carried out with catalyst recovered from run 1; © substrate XI = 0.3 g
(0.0020 mol); CH30OH = 0.49 g (CH3OH/substrate XI molar ratio 8/1, d=0.79 g/mL); 13 % (Pd-
EPS)anaerob = 0.0032 g (substrate Xl/catalyst ratio 500/1); NaHCO3; = 0.245 g (base/XI molar ratio
1.5); MEK = 7 mL; H,0 = 0.06 mL; p(CO) = 4.5 MPa; T = 100°C; t = 20 h; the catalyst was not

activated before use.

13 % (Pd-EPS)anacrob Shows an excellent activity and good recyclability but a very poor selectivity,
with formation of both acetophenone (XV) and 2-hydroxy-1-phenylethanone (XVI). While the
formation of acetophenone (XV) as by-product is due to the mechanism above described, the
formation of 2-hydroxy-1-phenylethanone (XVI) is probably due to the nucleophilic substitution of
chlorine atom by water in the presence of a base (NaHCQOs3). The presence of water is unavoidable

as the catalyst is almost inactive in the presence of only organic solvents (See paragraph 3.1.2.1).

O O

H,O
cl OH
NaHCO,

XI XVI

Scheme 3.5.5. Possible formation of by-product by nucleophilic substitution

In order to improve the selectivity, the amount of water was reduced (run 3, Table 3.5.3) but the

selectivity was not improved; moreover, the catalyst activity was decreased probably due to an

insufficient swelling of the polysaccharide polymer.

The reaction of carboxymethylation was extended to 2-chloro-1-(4-chlorophenyl)ethanone (XII)

(Table 3.5.4) and 2-chloro-1-(2,4-dichlorophenyl)ethanone (XIll) (Table 3.5.5). These compounds
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were chosen as model substrates as the industrial precursor of the agrochemical ethyl 3-(4-chloro-
5-(cyanomethoxy)-2-fluorophenyl)-3-oxopropanoate presents halogen atoms on the aromatic ring
and in presence of palladium catalyst, this halogen atoms could be removed so leading to the
formation of undesired by-products. In this context, it was verified if homemade catalyst 0.28%
Pd/Al,0; was able to catalyze the carboxymethylation reaction without provoking the

dehalogenation of the aromatic ring.

O o O 0]

Cl' co, CH ;0H, MEK o~
+
NaHCO 3, Cat.
Cl Cl Cl

XIl Xl Xl

Scheme 3.5.6. Carboxymethylation of XIi

Table 3.5.4. Carboxymethylation of 2-chloro-1-(2,4-dichlorophenyl)ethanone (XIlI) in the

presence of different Pd catalysts

Other
t (h) p|\(/|cp2) Co?;).)XII )((z/il)l )2)2)” by-products TOF
(%)

1° Pd/Al,03 0.28 % 22 4.5 99 93 6 - 23
2° Pd/Al,03 0.28 % 5 2.5 72 67 --- 5 72
3° Pd/C5% 5 2.5 71 46 --- 25 71
4° Pd/Al,030.28 % 2 2.5 42 36 --- 6 53
5° Pd/C5 % 2 2.5 41 31 10 5
6°  Pd(OAc),/PPh; 2 2.5 99 61 38 124
7Y Pd(OAc),/PPh; 17 2.5 99 91 8 15

Reaction conditions: ® substrate XIl = 0.188 g (0.001 mol); CH3OH = 0.256 g (CH3OH/substrate XII
molar ratio 8/1); Pd/Al,03 0.28 % = 0.076 g (substrate Xll/catalyst molar ratio 500/1); NaHCO3 =
0.126 g (base/ substrate XIl molar ratio 1.5/1); MEK = 7 mL; T = 100°C; b 0.008 g of Pd/C 5 %
(substrate Xll/catalyst molar ratio 500/1, the catalyst is 50 % wet) was used; “0.0022 g of Pd(OAc),
(substrate Xll/catalyst molar ratio 100/1) and 0.005 g of PPhs (PPhs/catalyst molar ratio 2/1) were
used; 4T = 70°C.
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O O O O

Cl' co, CH ;0H, MEK o~
+
NaHCO 3, Cat.
Cl Cl Cl Cl cl Cl

Xl XIX XX

Scheme 3.5.7. Carboxymethylation of 2-chloro-1-(2,4-dichlorophenyl)ethanone (XIll)

Table 3.5.5. Results obtained by carboxymethylation of 2-chloro-1-(2,4-dichlorophenyl)ethanone
(Xm)

Other
by-products  TOF
(%)

p(CO) Conv.

MPa  XIIl (%)

1  Pd/AL0;0.28% 4 2.5 87 87 54
2**  pd/A,050.28% 4 2.5 75 75 47
3**  pd/A,050.28% 4 2.5 70 70 44
4*®  pd/ALO;0.28% 4 2.5 66 66 41

5° Pd/C5 % 4 2.5 72 57 8 7 45

6° Pd/ALO;0.28% 2 2.5 41 41 51

7° Pd/C5 % 2 2.5 39 38 1 49

Reaction conditions ? substrate XIll = 0.444 g (0.002 mol); CH;OH = 0.512 g (CH3;OH/substrate Xl
molar ratio 8/1); Pd/Al,03 0.28 % = 0.152 g (substrate Xlll/catalyst molar ratio 500/1); NaHCO3 =
0.252 g (base/substrate XIll molar ratio 1.5/1), MEK = 10 mL; T = 100°C; * ® the reaction was
carried out by using the catalyst recovered from the previous run; ©0.008 g of Pd/C 5 % (substrate
Xlll/catalyst molar ratio 500/1, catalyst is 50 % wet) was used; 4 substrate XIll = 0,222 g (0.001
mol); CH30H = 0.256 g (CH3;0H/substrate Xlll molar ratio 8/1); Pd/Al,03 0.28 % = 0.076 g (substrate
Xlll/catalyst molar ratio 500/1); NaHCOs = 0.126 g (base/substrate XIll molar ratio 1.5/1), MEK =5
mL, T = 100°C.

In both cases the homemade catalyst 0.28 % Pd/Al,0; showed a good activity and selectivity
toward the desired ketoesters (XVII and XIX). A further interesting feature was found when the
reaction was carried out with the recycled catalyst (runs 2-4, Table 3.5.5): in fact, a slight decrease
of activity was observed but the selectivity was maintained practically unchanged.

In conclusion during the present research work it was possible to identify a good-excellent
homemade heterogeneous catalyst suitable for this kind of reaction. Scaling up of this reaction, as

usual for any heterogeneous catalyzed reaction, could require a fine tuning of the reaction
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conditions but it seems promising for the production of a large variety of interesting industrial

products and surely competitive with other known methods to produce B—ketoestersllo'm'm'm.

3.6 Hydrodechlorination of chlorinated organic compounds catalyzed by Pd-based

catalysts: introduction

Chlorinated organic compounds are very common in the chemical industry. They can be used as
intermediates or final products with different uses (solvents, pesticides, electrical insulators and
heat transfer agents).

Due to their extensive use and their hydrophobic nature and high stability they are abundant in

wastewaters, soils, sewage sludges, surface waters, groundwaters etc.M®

. Furthermore, they are
toxic for human health and for environment in general and this feature has stimulated researches
to find methods for reducing their concentration in the ecosystem.

Hydrodechlorination using Pd-based catalysts appears a good way to reduce the amount of these
contaminants in water. In the literature it is reported that the hydrodechlorination may be highly
selective and efficient in clean waters even at mild conditions''®. However, palladium is very
sensitive to deactivation, especially in waste-waters, due to its sequestration and precipitation
with suspended organic matter. In addition, loss of Pd(0) reactivity is mostly due to hydrogen

sulfide (H,S and HS), which is ubiquitous in anoxic ecosystem'**?°

. Despite these difficulties, the
interest for hydrodechlorination of wastewaters still remains high118'121'122'123. For these reasons, it
was useful to verify the possibility of using homemade Pd-based catalysts in the

hydrodechlorination of 1,2,4 trichlorobenzene (TCB, XXI) chosen as model substrate.

3.6.1 Hydrodechlorination by using heterogeneous catalysts

The hydrodechlorination of polychlorinated compounds by using Pd-based heterogeneous
catalysts is widely described in the literature and it is reported that the decay of activity is due to
the poisoning of the active phase by HCl formed in the reaction, by particle sintering and coke

124

deposition, especially when the reaction is carried out in gas-phase™". Good results were obtained

by using Pd/C, Pd/Al,03 or bimetallic catalystslzs, working in water or in a biphasic system126.
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At the light of the literature data, it was decided to try the homemade catalyst 0.28 % Pd/Al,Os
under various conditions. In Table 3.6.1 the results obtained by using 0.28 % Pd/Al,03 with a

substrate/catalyst molar ratio 500/1 are reported:

“—@@@r ©

Cl xxi XXII XX XXIV Clxvi

Scheme 3.6.1. Hydrodechlorination of XXI catalyzed by 0.28% Pd/Al,0;

Table 3.6.1. Results obtained by using 0.28% Pd/Al,03

RUN p(H>) T Base Conv. XXI XXl XXl XXIV XXV XVI
MPa  (°C) (%) (%) (%) (%) (%) (%)
1° 3 80 10 5 5 Traces Traces
2° 3 80 EtsN 3 --- Traces 3 Traces Traces
3¢ 3 80 NaHCOs3 12 6 6

Reaction conditions: All reactions was performed by using 0.28 % Pd/Al,O; with substrate
XXI/catalyst molar ratio 500/1 in 7 mL of H,0; ° substrate XXI = 0.024 g (0.13 mmol); 0.28 %
Pd/Al,03 = 0.010 g; t = 20 h; b same conditions of run 1 but 0.054 mL of EtsN was added
(EtsN/substrate XXI molar ratio 3/1, d=0.726 g/mL); “ same conditions of run 1 but 0.033 g of
NaHCO; was added (NaHCOs/substrate XXI molar ratio 3/1).

Preliminary results obtained by working at the above reaction conditions (Table 3.6.1) were not
encouraging. At the light of these results, it was decided to reduce the substrate XXl/catalyst
molar ratio to 100/1 and to vary other reaction parameters as temperature, solvent and base

(Table 3.6.2).
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Table 3.6.2. Results obtained by studying different reaction parameters

p(H T Base Solvent  CONV-XXI XXIL XX XXIV XXV XXVI

MPa (°C) (%) (%) (%) (%)
1° 3 80  NaHCO; H,0 99 99
2° Recycle 10 2 5 2 1
3 3 80 H,0 99 99
4° Recycle 2 Traces 2 --- -
5° 3 80 EtsN H,0 99 99
6° Recycle 14 Traces 2 6 3 3
7° 3 30 H,0 99 99
8 02 30 NaHCOs H,0 99 99
o' 02 30 NaHCO; MEK 30 2 4 18 4 2
106 0.2 30 NaHCO; THF/H,O 98 93 1 4
11" Recycle 29 4 3 11 8 3
12" 02 30 NaHCO; H,0 99 99
13" Recycle 23 4 4 5 5 5
145 0.2 30 TOA H,0 21 3 2 8 6 2

Reaction conditions: All reactions are performed by using 0.28 % Pd/Al,Oz with sub. XXI /catalyst
molar ratio 100/1; ? substrate XXI = 0.024 g (0.013 mmol); NaHCO3 = 0.033 g (NaHCOs/substrate
XXI molar ratio 3/1); 0.28 % Pd/Al,03 = 0.050 g; H,O0 =7 mL; t = 20 h; ® same conditions of run 1;
same conditions of run 1 but 0.054 mL of EtsN was added (EtsN/substrate XXI molar ratio 3/1,
d=0.726 g/mL); 4 ¢ same conditions of run 1; fsame condition of run1 but 7 mL of MEK was used; &
same conditions of run 1 but 7 mL of 1:1 mixture of THF/H,0 was used; " same conditions of run 1
but 0.066 g of NaHCO; (NaHCOs/substrate XXI molar ratio 6/1) was used; T = 80°C; & same
conditions of run 1 but 0.32 mL of trioctylamine (TOA) was used (TOA/substrate XXI molar ratio
6/1).

In many cases, working only in water under very mild conditions and in the presence or absence of
base, complete dehalogenation of TCB XXXIIl was observed but, despite the use of base, it has
never been possible to recycle the catalyst efficiently. This fact could be due to the detachment of
palladium from support, favored by the presence of water, and subsequent sintering of these
colloidal palladium particles which then lose catalytic activity. It was also observed that the use of
trioctylamine TOA brings significant disadvantages with respect to the use of triethylamine (run 14
versus run 5). To verify the possibility to recover and recycle the catalyst, other tests were carried
out under different condition. Especially during the recycle tests, the prevailing formation of 1,2-

dichlorobenzene XXIV among all the other dichoro isomers (XXV and XXVI) was observed. This
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result is quite predictable as the hydrodechlorination reaction rate is determined by steric and
inductive effects. In particular, chlorine atoms next to each other show a lower reaction rate,

while chlorine atoms adjacent to hydrogen atoms show a higher reaction rate®.
Finally, hydrodechlorination was also investigated by using polymethyhydrosiloxane as H-donor. In
these preliminary studies, 5 % Pd/C produced by Chimet s.p.a was used in absence of base and

maintaining a substrate XXI/catalyst molar ratio 61/1:

Table 3.6.3. Hydrodechlorination of XXI catalyzed 5 %Pd/C (Chimet) under different reaction

conditions

fun T colvent  CONV- XXl XXII| XXIV XXV XXV
(°C) XXI (%) (%) (%) (%) (%) (%)

1° 70 H,0 24 3 1 14 3 3

Xyl
2° 138 ylene 15 1 8 3 3
mix
3¢ 138 Neat 60 19 5 29 5 2

Reaction conditions:  substrate XXI = 0.1g (0.55 mmol); 5 % Pd/C = 0.038 g (substrate XXI/Catalyst
molar ratio 61/1, 50 % wet); PMHS = 0.168 mL; H,0 = 10 mL; t = 20 h; b came conditions of run 1,
but 10 mL of mixture of xylene was used;  substrate XXI = 2,11 g (2 mL); 5 % Pd/C = 1.15 g
(substrate XXlI/catalyst molar ratio 61/1, 50 % wet), PMHS = 2.5 mL, t = 20 h, neat conditions.

The reaction was carried out or in water (run 1, Table 3.6.3), or in a mixture of xylenes (run 2,
Table 3.6.3) or under neat conditions (run 3, Table 3.6.3) but in all cases only partial
dehydrodechlorination of 1,2,4-trichlorobenzene XXI was found. At the light obtained results, only

the reaction under neat conditions deserves to be studied in more details.

3.6.2 Hydrodechlorination catalyzed by biogenerated activated 1.7 % (Pd-EPS)acron, 13 % Pd-
(EPS)anaerob, 8.4 % Pd-Fe-EPS and 2.2 %Pd-Fe-EPS

Reductive dehalogenation of chlorinated aromatic compounds by using different types of “bio-
palladium” has already been reported. For example, Pd(0) precipitated sulphate-reducing SRB of
Desulfovibrio genus was recently demonstrated. This biologically precipitated “bio-palladium’” was

a superior catalyst for dechlorination compared to Pd(0) prepared by chemical reduction under
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Hy>°. Its application for the treatment of contaminated soil and groundwater is well documented,
including dechlorination of PCBs>>12/12%8,

In this work of thesis, a possible alternative and innovative approach that combines the use of a
microorganism and palladium sources in the presence of hydrogen or a hydrogen donor was
proposed for hydrodechlorination by using new biogenerated Pd-EPS catalytic species.

For example, 1.7 % (Pd-EPS).eron, Worked very efficiently (up to 99% transformation) in relatively
mild conditions by using a high molar ratio between the substrate and the precious metal (1000/1)
in the hydrodechlorination of chlorobenzene®. However, the reactivity of polyhalogenated
molecules in the reductive dehalogenation is usually lower than that of simple monohalogenated
molecules and for this reason it was studied the activity of these catalysts toward different model
molecules, such as 1,2,4-trichlorobenzene (XXI) in order to identify the most promising catalyst
and the best reaction conditions.

Since the active catalytic species for the reductive dehalogenation is metallic palladium, activated

1.7 % (Pd-EPS)aerob, 13 % (Pd-EPS)anaerob and the bimetallic species 8.4 % Pd-Fe-EPS and 2.2 % Pd-

Fe-EPS were used due to their relevant content of Pd(0).
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The obtained results by using these catalytic species are reported in the following Table 3.6.4.

Table 3.6.4. Results obtained by using different biogenerated species

Catalyst Molar  Conv. XXII XXIII XXIV XXV

ratio  XXI (%) (%) (%) (%) (%)
1* 1.7%Act.Pd-EPS  61/1 5 3 1 1
2*  17%Act.Pd-EPS  8/1 33 2 21 5 5
3¢ 13 % Pd-EPS 61/1 11 7 2 7
4° 13 % Pd-EPS 8/1 76 9 19 36 6 6
goe 13 % Pd-EPS 8/1 84 5 9 42 11 17
6  2.2%FePd-EPS  61/1 23 1 1 15 3 3
78" 2.2 % Fe-Pd-EPS 8/1 99 99
88"  229%Fe-Pd-EPS  8/1 99 20 20 42 12 5
9  8.4%Fe-Pd-EPS  8/1 90 20 21 34 9 6
10" 8.4 %Fe-Pd-EPS  8/1 89 44 15 23 4 3

Reaction conditions: ® substrate XXI = 0.356 g (0.00196 mol); Activated 1.7 % Pd-EPS = 0.201 g; H,0
=2 mL; THF = 1 mL; p(H;)=3 MPa; T = 60°C, t= 20 h; ®same conditions of run 1 but 1.52 gof 1.7 %
Pd-EPS was used; © substrate XXI = 0.356 g (0.00196 mmol); 13 % Pd-EPS = 0.026 g; H,0 = 2 mL;
THF = 1 mL; p(H,)=3 MPa; T = 60°C, t = 20 h; %same conditions of run 3 but 0.198 g of 13 % Pd-EPS
was used; “experiment carried out by using the catalytic solution recovered from previous run and
T = 80°C; f substrate XXI = 0.434 g(0.0024 mol); 2.2 % Pd-Fe-EPS: 0.190 g; p(H,)= 3 MPa; H,0 =2
mL; THF =1 mL; T = 60°C; t = 20h; " same conditions of run 6 but 1.45 g of 2.2 % Pd-Fe-EPS was
used, " ®experiment carried out by using the catalytic solution recovered from previous run; ' same
conditions of run 6 but 0.38 g of 8.4 % Pd-Fe-EPS was used, Iexperiment carried out by using the

catalytic solution recovered from previous run.

A first experiment, carried out in the presence of activated 1.7 % (Pd-EPS)serop Under the
conditions reported in Table 3.6.4 gave to a very low conversion yield. A mixture of the three
dichloro isomers (XXIV, XXV and XXVI) was produced: 1,2-dichlorobenzene (XXIV) represented the
main product (run 1, Table 3.6.4), whereas chlorobenzene (XXIIl) and benzene (XXIl) were not
formed at all. On the basis of previous experiments on chlorobenzene such a low activity was
unexpected®. In order to improve the substrate conversion the experiment was carried out by
adopting the same reaction conditions but with an increased catalyst amount (substrate XXI/Pd

molar ratio = 8/1). In this case a 33% conversion was achieved and, as previously observed, again
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XXIV was the main product (run 2, Table 3.6.4). Moreover, for the first time, even if in a very small
amount, XXIl was formed (2%) (run 2, Table 3.6.4).

Working in the presence of 13 % (Pd-EPS)anaerob Under the condition reported in Table 3.6.5 with a
substrate XXI/Pd molar ratio equal to 61/1 (run 3, Table 3.6.5) a modest (about 10%) activity was
detected. Moreover, the three dichloro-isomers (XXIV, XXV and XXVI) were again the only
reaction products (run 3, Table 3.6.4). On the other hand, by carrying out the reaction with a
substrate (XXI)/Pd molar ratio = 8/1, about 76% of XXI was converted and, besides the three
dichloro-derivatives (XXIV, XXV and XXVI), also 19% of XXIIl and even 9% of XXIl were found in the
reaction mixture (run 4, Table 3.6.5).

Noteworthy, the aqueous catalytic phase was recovered and reused in a consecutive experiment
by adding fresh XXI. Conversion was very high (84%), although a partial loss of the dehalogenating
efficiency of the catalyst was observed. As a matter of fact, 13 % (Pd-EPS)anaeron afforded the three
dichlorobenzene isomers (XXIV, XXV, XXVI) in relevant yield, even higher than in the first
experiment, but further dehalogenation to XXIl and XXIIl was also observed.

The possible explanation of these results could be a structural change of the catalyst and/or a
poisoning of the palladium surface. The metal leaching is excluded, as demonstrated by atomic
absorption determination on the recovered catalyst.

Carrying out the reaction by using the bimetallic species 2.2 % FePd-EPS with a substrate
(XXI)/catalyst molar ratio 61/1 (run 3, Table 3.6.4) and adopting the condition reported in Table
3.6.4, a low substrate XXI conversion was observed and 1,2 dichlorobenzene XXIV was the main
product (15 %) while the other dichloro isomers (XXV and XXV) and both XXIll and XXII were
formed in negligible amounts (run 3, Table 3.6.4). Reducing the substrate XXI/catalyst molar ratio
up to 8/1 (run 7, Table 3.6.4) quantitative conversion into XXIl was detected. Therefore, the
aqueous catalytic phase was recovered and re-used in a consecutive experiment by adding fresh
XXI. Again the conversion was complete but it was observed a partial loss of the dechlorination
efficiency of the catalyst: now only 20% of XXIl was formed and the main product was XXIV (Run 8,
Table 3.6.4).

When 8.4 % Fe-Pd-EPS was used as catalyst, it showed a lower activity with respect to 2.2 % Fe-Pd-
EPS and similar to that of the corresponding recycled 2.2 % Fe-Pd-EPS catalyst; it is however
interesting the significant increase in the amount of XXII obtained by working at 80° C instead of
60°C (runs 9 and 10, Table 3.6.4). The catalytic activity of both Fe-Pd-EPS, especially that of fresh
2.2% Fe-Pd-EPS, was higher than that of 1.7 % (Pd-EPS)aerop and 13 % (Pd-EPS)anaerob (runs 2 and 4,
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Table 3.6.4), so indicating the positive and synergic role of the iron species to favor the hydro-

126
d

breaking of Ar-Cl bon even if analytical studies exclude in these new catalysts the formation of

alloy Fe-Pd (paragraph 3.1.2.3).

3.6.3 Final remarks

Homemade 0.28 % Pd/Al,03; showed a high activity in hydrodechlorination reaction under mild
conditions (p(H;) = 0.2 MPa and 30°C with substrate/catalyst molar ratio 100/1) in aqueous
environment. However it was also observed that the catalyst, after the first use, was almost
completely inactivated both in the presence of a base which can capture the produced HCl or in
the absence of it. To verify the potentiality of this catalyst in the field of environmental
remediation it will be necessary to understand the real role of the base and to investigate possible
methods of protection of the catalyst. At the light of the obtained results in the reaction
performed in neat conditions (run 3, Table 3.6.3,), appears interesting the possibility to operate
directly in absence of solvent. It will also be important to verify the catalyst activity of homemade
0.28 % Pd/Al,O3 toward other substrates such as PCBs and similar polluting agents. Regarding the
biogenerated catalysts it is possible to say that the presence of iron seems to have a beneficial
effect on dehydrochlorination; in general, a partial activity of recovered catalyst was observed. In
the future, it might be interesting to deep the influence of the base and other reaction parameters

in order to increase the activity of recycled catalysts.

85



3.7 Reduction of aromatic nitro compounds: introduction

Aromatic nitro compounds are reduced to the corresponding amines which are utilized as
important industrial intermediates for the synthesis of pigments, azo dyes, rubbers, amino-resins,
herbicides and other fine chemicals. Over the years, many different methods to reduce nitro group
have been developed such as reduction by using Fe in hydrochloric or acetic acid, by using
sulphides, tin or stannous chloride in hydrochloric acid; however these methods are not

sustainable due to the formation of waste sIudge129

. For these reasons, today nitroaromatic
compounds are reduced to aromatic amines mainly by catalytic hydrogenation®°. In this reaction,
the oxygen atoms of the nitro group are progressively replaced by hydrogen; the reduction
proceeds by formation of different intermediates. The currently most accepted reaction

mechanism was proposed by Haber in 1898'%°:

>

i
J > 0RO O

%

.
H, l H
NH,
o =
HO

Scheme 3.7.1 Haber reduction mechanism for nitrobenzene

Therefore, at the light of the complexity of the reaction, it is possible to obtain many by-products
if the reduction is performed by using inefficient catalysts. For these reason it was decided to

study the activity and selectivity of different biogenerated catalysts (1.7 % (Pd-EPS),erob and 8.4 %
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Pd-Fe-EPS) and homemade 0.28 % Pd/Al,0s in the hydrogenation of aromatic nitro-compounds to

obtain the corresponding anilines.

3.7.1 Reduction of nitrobenzene (XXVII) catalysed by 1.7 % (Pd-EPS).cron 8.4 % Pd-Fe-EPS and
0.28 % Pd/Al,03

Aniline (XXVIII) is obtained by reduction of nitrobenzene (XXVII), and it is a very important
industrial compound in different fields, especially for polymers, rubbers, agrochemicals, dyes and
drugs industries. It is mainly obtained by reduction of XXVII although it can be produced by

|130

ammonolysis of chlorobenzene or phenol™". During this work of thesis, the reduction of XXVII was

investigated by using three different homemade Pd-based catalysts as 1.7 % (Pd-EPS).erob , 8.4%
Pd-Fe-EPS (Table 3.7.1), and 0.28% Pd/Al,O3 (Table 3.7.2).

@ - © @ QN\J@ : ©©

XXVII XXVIII XXIX XXXI
Scheme 3.7.2. Reduction of nitrobenzene (XXVII)

Table 3.7.1. Reduction of nitrobenzene (XXVII) catalyzed by biogenerated Pd-based catalysts

H, T t Conv. XXVIIE - XXIX XXX XXXI
Run Catalyst T\ﬁIPa) (0 (h) XXVI%) (%) (%) (%) (%) O
1° Pd-EPS 1.7 % 5 80 24 98 98 - - - 40
2° 1° Recycling 99 99 - --- - 41
3 2° Recycling 99 99 - e 41
4  PdEPS17% 3 50 4 61 55 6 -~ - 25
5° 1° Recycling 36 28 8 --- --- 15
6° Pd-Fe-EPS8.4% 3 80 5 83 67 10 1 5 83
7 1° Recycling 20 51 7 21 1 2 13

Reaction conditions: ® substrate XXVII = 0.120 g (0.00098 mol); 1.7 % Pd-EPS = 0.006 g (substrate
XXVIl/catalyst molar ratio 1000/1); THF = 2 mL, H,0 = 2 mL; b substrate XXVII = 0.246 g (0.002
mol); 8.4 % Pd-EPS = 0.005 g (substrate XXVII/catalyst molar ratio 500/1); THF = 4 mL; H,O = 4 mL.
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The first catalytic system applied in the hydrogenation of nitrobenzene was 1.7 % (Pd-EPS)aerob.
The reaction, carried out in the biphasic aqueous system H,0/THF at 80°C and 5 MPa of H, for 24h,
by using a substrate to palladium molar ratio 1000/1, afforded exclusively aniline (XXVIII) with
99% vyield. After extraction of the organic products with diethyl ether, the catalyst was easily
recovered by separation of the aqueous phase from the organic one and used in three consecutive
recycling experiments without loss of activity (runs 2-3, Table 3.7.1). The reduction was also
carried out lowering temperature, pressure and reaction time but a low conversion was observed
(run 4) and when the recovered catalyst was re-used a significant decrease in activity was found
(run 5). Preliminary hydrogenation experiments were carried out also in the presence of the
bimetallic catalytic system 8.4 % Pd-Fe-EPS. The reaction was performed at 80°C and 3 MPa of
hydrogen by using a substrate XXVIl/catalyst molar ratio 500/1 in the aqueous biphasic system.
Only after 5 h, 83 % conversion was observed but besides XXVIII (67 %), 10 % of nitrosobenzene
(XXIX) and by-products (XXX and XXXI) were found.

The reduction of XXVII was also carried out in the presence of homemade 0.28 % Pd/Al,03 and the

obtained results are reported in Table 3.7.2.

Table 3.7.2. Reduction of XXVII catalysed by homemade 0.28 % Pd/Al,03

Hy) T Sub/Cat Conv XXVl XXIXI XXX XXXI

o (q oV m/.r L i) @) ) @) ) O
1° 3 80 toluene 500/1 20 99 99 -~ - - 25
2 3 80 toluene 500/1 5 23 23 - - - 23
3° 3 80 THF  500/1 5 99 9 - - - 100
4 05 50 THF  500/1 05 99 99 - - - 1000
5 01 25 THF  500/1 20 99 9 - - - 25
6 01 25 THF  100/1 1 99 99 - - — 500
7° 1° Recycling 99 99 — - - 500
8 2° Recycling 90 90 - == - 455

Reaction conditions: ® substrate XXVII = 0.016 g (0.13 mmol); 0.28 % Pd/Al,O3; = 0.01 g (substrate
XXVIl/catalyst molar ratio 500/1); toluene = 7 mL; b same conditions of run 1 but 7 mL of THF were
used; © substrate XXVII = 0.065 g (0.53 mmol); 0.28 % Pd/Al,0; = 0.2 g (substrate XXVII/catalyst
molar ratio 100/1); THF = 10 mL.

Homemade 0.28 % Pd/Al,Os catalyst showed excellent activity and selectivity in the reduction of
XXVII operating under drastic conditions (runs 1 and 2, Table 3.7.2) or under milder conditions

(runs 5 and 6, Table 3.7.2). Furthermore, it is also important to note that it was possible to recover
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the catalyst twice (run 8, Table 3.7.2) and both activity and selectivity remained almost

unchanged.

3.7.2 Reduction of 1-iodo-4-nitrobenzene (XXXII)

When aromatic halonitro compounds are hydrogenated, some dehydrohalogenation is observed.
The extent of dehalogenation depends on many factors: on the kind of halogen (I > Br > Cl > F) and
its position on the molecule (ortho > para > meta), on the activity and amount of catalyst, on the
kind of metal and support, on the kind of solvent, on pressure and temperaturem. To improve the
chemoselectivity of the reaction, during the past twenty years many different catalysts have been
developed involving noble metals such as Pd, Pt, Ru and Rh and non-noble metals such as Fe, Co,
Ni, Cu and Zn™**. However, it is generally accepted that some commercially available Ni, Pd and Pt

132
. F

catalysts lack the necessary selectivity when substituted nitrobenzene are treated by H, or

133 or Co

these reasons, the search for new catalysts did not stop and for example Ru
nanoparticles’®' as catalysts have been recently developed. At the light of these considerations, it
was decided to test the selectivity of the homemade catalytic systems in the hydrogenation of a
substrate containing both a nitro- and a halo-group: for this purpose 1-iodo-4-nitrobenzene

(XXXII) as model substrate was chosen (Scheme 3.7.3, Table 3.7.3).

NO, NH;
H NO, NH,
2
—_— + +
[Pd]
I
XXXII XXVII XXXII XXVIII

Scheme 3.7.3. Reduction of XXXII
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Table 3.7.3. Reduction of XXXII catalysed by biogenerated 1.7 % (Pd-EPS).erob

Run p(H2) T Conv. XXVII XXXII XXVIII
(MPa) (°C) XXXII (%) (%) (%) (%)
1 5 80 99 99 a1
2 3 80 69 69 08
3 Recycling 26 26 — . 11

Reaction conditions: substrate XXXII = 0.244 g (0.98 mmol); 1.7 % Pd-EPS = 0.005 g (substrate
XXXll/catalyst molar ratio 1000/1); THF = 2 mL; H,0 =2 mL.

A first reaction carried out in H,O/THF at 80°C and 5 MPa for 24h, gave a complete conversion to
XXVII but no product deriving from the hydrogenation of the nitro group was formed; by lowering
the H, pressure to 3 MPa the only result was a lower conversion.

The inactivity of 1.7 % (Pd-EPS).er0n towards the reduction of the nitro group, at these reaction
conditions, may be due to the formation of HI that could cause the deactivation of the catalytic
system; therefore, to prevent the effect of HI the reaction was also carried out in an alkaline
medium (Table 3.7.4) always 80°C and 3 MPa of H, for 24 h. By using an aqueous phosphate buffer
(pH = 10) conversion was increased but, also in this case, only nitrobenzene (XXVII) was formed:
when the catalytic phase was used in a recycling experiment, the conversion strongly decreased

(Run 2, Table 3.7.4).
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Table 3.7.4. Reduction of 1-iodo-4-nitrobenzene (XXXII) catalyzed by biogenerated 1.7 % (Pd-

EPS)aerob and activated 1.7 % (Pd-EPS).eron Suspended in alkaline medium

f(‘)’(;'(‘l'l XXVIL 0o
o) (o) (o)
%) (%) (%) (%)
1°  Pd-EPS1.7% 80 PH 10 88 88 36
buffer
2° 1° Recycling 35 35 -- -—-- 14
3* Pd-EPS1.7% 80 Na,COs5 99 99 42
4° 1° Recycling 99 99 42
5° 2° Recycling 99 99 42
6° Pd-EPS1.7% 80 Na,COs5 99 99 42
7° 1° Recycling 56 56 23
b  Activated-Pd

8 £PS 1.7 9% 60 Na,COs; 98 98 41
9° 1° Recycling 42 42 18

Reaction conditions: ® substrate XXXII = 0.244 g (0.98 mmol); 1.7 % Pd-EPS = 0.005 g (substrate
XXXIl/catalyst molar ratio 1000/1); THF = 2 mL; buffer (pH=10) = 2 mL; p(H,) = 3 MPa; t = 24 h; °
0.104 g (0.42 mmol) of Na,COs; dissolved in 2 mL of water was used rather than pH=10 buffer.

The reaction was then carried out in the presence of Na,CO3 but also in this case only XXVII was
obtained. The catalyst maintained its activity and selectivity in recycling experiment but the
addition of fresh base to the catalytic solution was necessary. As a matter of fact, when the
recycling experiment was carried out without the addition of fresh Na,CO3 solution, a strong
activity decrease was observed, probably due to the free acidity in the reaction medium (run 7).
Even when the hydrogenation of 1-iodo-4-nitrobenzene (XXXII) was performed by using activated
1.7 % (Pd-EPS).erob as catalyst but working at 60°C and 3 MPa of H, for 24 h only formation of XXVII
(98 %) was detected (run 8, Table 3.7.4). The aqueous catalytic phase was recycled without adding
any fresh base and again the catalytic activity decreased, so confirming that the fresh base must

be added to preserve the activity of the catalyst.

The reaction was also studied by using 8.4 % Pd-Fe-EPS, initially in the absence of a base and the

obtained results are reported in Table 3.7.5.
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Table 3.7.5. Reduction of XXXII catalyzed by Pd-Fe-EPS 8.4 %

Conv. XXXII XXVII XXX XXVIII TOF
(%) (%) (%) (%)
1 86 85 1 1 21
1° recycle 91 90 - 1 22
2° recycle 56 53 2 1 12
3° recycle 24 19 5 --- 5

Reaction conditions: substrate XXXII = 0.488 g (0.00196 mol); 8.4 % Pd-Fe-EPS = 0.005 g (substrate
XXXll/catalyst molar ratio 500/1); THF =5 mL; H,0 =5 mL; p(H,) =3 MPa; T=80°C; t =24 h.

All the experiments were carried out at 3 MPa of H, and 80°C for 24h by using a substrate
XXXll/catalyst molar ratio 500/1. In the presence of fresh catalyst and in the first recycle
experiment a good activity was observed (run 1 and first recycling test, Table 3.7.5), but during the
second and the third recycle a decrease in activity was detected, probably due to the increased
amount of HI in the aqueous phase. In fact, before each recycling, pH was checked and it was
found that it was acid. Noteworthy, the formation of small amounts of XXXIII and XXVIII was
detected (run 1, Table 3.7.5) either in the presence of fresh catalyst or in all the recycling
experiments.

Then, the reduction was carried out by using an organic base in order to try to maintain good

catalytic activity also in the recycling experiments (Table 3.7.6).

Table 3.7.6. Reduction of XXXII catalyzed by Pd-Fe-EPS 8.4 % in presence of trioctylamine

RuUn Conv. XXVII XXX XXVIII TOF
XXXII (%) (%) (%) (%)

1 88 88 22

1° Recycle 85 85 21

2° Recycle 80 80 --- -- 19

3° Recycle 54 54 --- -- 15

4° Recycle 52 52 14

Reaction conditions: substrate XXXIl = 0.488 g (0.00196 mol); 8.4 % Pd-Fe-EPS = 0.005 g (substrate
XXXll/catalyst molar ratio 500/1); TOA = 2.6 mL (base/substrate XXXII molar ratio 3/1, d = 0.809
g/mL); THF =5 mL; H,O0 =5 mL; p (Hy) =3 MPa, T=80°C; t =24 h.
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Operating under the conditions reported in Table 3.7.6, it was observed that the selectivity of the
catalyst was improved with respect to the reaction without the base (table 3.7.5). However,
despite the addition of the base, nitrobenzene was the only product both in the presence of fresh
and recycled catalyst. Noteworthy the catalytic activity remained practically unchanged in two
recycling experiments but a conversion decrease was observed starting from the third recycle.

The only formation of XXVII could be due to traces of salt of TOA in aqueous phase that could
deactivate the catalyst.

Also the homemade 0.28 % Pd/Al,O; was investigated and analogously to the other catalysts its

activity was tested in some recycling experiments (Table 3.7.7).

Table 3.7.7. Reduction of XXXII catalyzed by 0.28 % Pd/Al,0O;

Run Conv. XXXII (%) XXVII (%) XXXII (%) XXVII (%) TOF
1° 99 99 21
1° Recycle 99 99 - - 21
2° Recycle 66 63 3 14
b - - - o -

Reaction Conditions: ° substrate XXXIl = 0.488 g (0.00196 mol); 0.28 % Pd/Al,0; = 0.148 g
(substrate XXXIl/catalyst molar ratio 500/1); H,O = 10 mL; p (H,) =3 MPa; T=80°C; t =24 h, ®same
conditions of run 1 but 0.074 g of 0.28 % Pd/Al,Os; were used (substrate XXXIl/catalyst molar ratio
1000/1).

Since this catalyst is active in hydrodechlorination using water as solvent, it was decided to study
the reaction in aqueous phase. When the reaction was carried out using a substrate XXXIl/catalyst
molar ratio 500/1 instead of 1000/1, quantitative substrate XXXII conversion was found but again
XXVII was the only reaction product. 0.28 % Pd/Al,0; was recovered and recycled twice: in the
first recycle, quantitative conversion to nitrobenzene XXVII was found but in the second recycle a
small decrease in catalytic activity was detected (2° recycle, Table 3.7.7). Furthermore a small
amount of XXXIIl was found in the reaction mixture.

In general, surprisingly, the reduction of the nitro group was never observed but only
dehalogenation was detected under the adopted conditions. It is possible to hypothesize a
detachment of palladium from the support, followed by a re-absorption of the metal; however,
reabsorbed Pd, although partially active, is not able to reduce the nitro groups. In fact, by Atomic

Absorption analysis, no leaching was detected.
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3.7.3 Reduction of 1-chloro-3-nitrobenzene (XXXIV)

Another substrate investigated during this work of thesis was 1-chloro-3-nitrobenzene (XXXIV). By
reduction of XXXIV is possible to obtain 3-chlorobenzenamine (XXXV), better known as m-
chloroaniline or 3-chloroaniline. This compound is an intermediate for dyes, drugs, and
pesticides™*. An important application XXXV is also in the manufacture of antimalarial drugs such
as chloroquine and amodiquinl35.

In the hydrogenation of XXXIV is desirable to obtain the selective hydrogenation of the nitro-
group, without dehalogenation. This selectivity depends on the kind of catalyst used and on the
reaction conditions. In order to reduce the by-side reactions (essentially hydrodechlorination)
often poisoned catalysts were adopted129’136. Recently good results in selective hydrogenation

131 or

XXXIV with hydrazine have been reported by using a Co catalyst modified with Mo-carbide
with isopropanol by using Ru nanoparticles stabilized on modified Montmorillonite clay133.

Since homemade 0.28 % Pd/Al,0Os3 is simple to prepare and showed a good activity towards both
the reduction of nitro group and the hydrodechlorination reaction, it was decided to study the

activity and selectivity of this catalytic system in the reduction of XXVIIl chosen as model substrate

(Table 3.7.8).
NO NH, NH, NO 5
QA0 O oo, - OO
+
cl cl o C cl - -
XXXIV XXXV XXVIII XXXV XXXVII XXXVIII

Scheme 3.7.4. Reduction of 1-chloro-3-nitrobenzene (XXXIV)
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Table 3.7.8. Reduction of (XXXIV) catalyzed by 0.28 %Pd/Al,O3

Conv.

s/C poody) 0KV XKVIL XXXV XXKVIE XXXV
m.r (%) (%) (%) (%) (%)
(%)

1° 3 80 100/1 99 66 33 5
2 0.2 30 100/1 99 87 5 7 5
3° Recycle 99 91 4 4 5
4° 3 80 500/1 99 95 4 20
5° Recycle 99 90 9 -—- - - 20
7 5 50 100/1 99 80 19 100
8° Recycle - - - — - - 100
9 5 50 500/1 90 84 6 500
10° Recycle 81 72 6 3 500

Reaction conditions: ? substrate XXXIV = 0.077 (0.00049 mol); 0.28 % Pd/Al,05 = 0.200 g; THF = 10
mL; b substrate XXXIV = 0.385 g (0.0024 moli); 0.28 % Pd/Al,05 = 0.200 g (substrate XXXIV/catalyst
molar ratio 500/1); THF = 20 mL; t = 20 h;  same conditions of run 1, but the reaction was carried

out for 1 h; 4 same conditions of run 4, but the reaction was carried for 1 h.

At the light of obtained results, it is possible to observe that working at high pressure and high
substrate XXXIV/catalyst molar ratio the dechlorination is favored with respect to use milder
conditions (run 1 vs runs 2 and 9, Table 3.7.8). The recycling of the catalyst was possible; however
it is noteworthy that the formation of HCl leads to the deactivation of the catalyst, especially if the
acid amount is high (run 7, Table 3.7.8).

The reaction was also investigated by introducing NaHCOs in the reaction mixture with a
base/substrate XXXIV molar ratio 3/1, but a high grade of dechlorination was observed (Table
3.7.9).
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Table 3.7.9. Reduction of XXXIV catalyzed 0.28 %Pd/Al,Oz in presence of NaHCO3

Conversion XXVIII XXXVI  XXXVI XXXVIII
ooy (o) KV ey 6 () (%)
2 43 15 28
" 4 94 47 47
6 94 55 39
24 94 81 13
2 1 99 99
1°Recyc|eb 95 95 - - -
2°Recycle” 73 18 23 3 18

Reaction conditions: ? substrate XXXIV = 0.035 g (0.00022 mol); 0.28 % Pd/Al,O; = 0.090 g
(substrate XXXIV/catalyst molar ratio 100/1); NaHCOs = 0.055 g (base/substrate XXXIV molar ratio
3/1); p(H,) = 0.2 MPa; T = 30°C; THF = 10 mL; b substrate XXXIV = 0.070 g (0.00044 mol); 0.28 %
Pd/Al,03 = 0.180 g (substrate XXXIV/catalyst molar ratio 100/1); NaHCO3=0.110 g (base/substrate
XXXIV molar ratio 3/1); p(H;) = 0.5 MPa; T = 50°C; THF = 10 mL.

Operating at 50°C and 0.5 MPa of H; (run 2, Table 3.7.8) after only 1 h, the complete formation of
aniline (XXVIII) was detected. This result is not surprising as this catalyst is also active in the
hydrodechlorination reaction and probably in the presence of a base this reaction becomes
competitive with the hydrogenation of the nitro group®®. However, it is interesting to note that
the catalyst was recycled twice and in the first recycling test only a slight decrease in activity was
detected.

The reaction was also studied using 8.4 % Pd-Fe-EPS as catalyst:

Table 3.7.10 Reduction of 1-chloro-3-nitrobenzene(XXXIV) catalyzed by 8.4 %Pd-Fe-EPS

Run Conv. XXXIV(%) XXXV (%)  XXXVII (%)  XXXVIII (%) TOF

1° 81 47 9 25 20

1° Recycle 75 58 5 22 19
2° Recycle 69 45 3 21 18

Reaction conditions: substrate XXXIV = 0.189 g (0.0012 mol); 8.4 % Pd-Fe-EPS = 0.003 g (substrate
XXXIV/catalyst molar ratio 500/1); THF = 3 mL; H,0 = 3 mL; p(H,) =3 MPa; T =80°C; t =20 h.

Performing the reaction by using this catalyst, incomplete conversion and low selectivity were
detected under drastic conditions and long reaction times. However, the catalyst showed a good
recyclability. At the light of these results, this catalyst does not appear so promising for this

reaction; however, it is important to note that no dehalogenation was observed.
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Recently the reaction was also performed by using homemade 0.27 % Pt/Al,0;. Operating at 50°C,
0.5 MPa of hydrogen and with substrate XXXIV/catalyst molar ratio 100/1, after 7 h, 94 %
conversion of XXXIV was detected. The reaction is characterized by high selectivity in fact, no

dehalogenation products were observed (80 % XXXV, 7 % XXXVII, 7 % XXXVIII)

3.7.4 Conclusions

Homemade 0.28 %Pd/Al,03, 1.7 % (Pd-EPS).crob and 8.4 % Pd-Fe-EPS showed a good activity and
selectivity in the hydrogenation of nitro group, however when a halo atom is present on the

aromatic ring, different behaviors were observed (Table 3.7.10).

Table 3.7.11. Comparison among homemade catalysts

Reaction Catalyst Observation
High selectivity, no formation of intermediate,

0 -
1.7 % (Pd EPS)aerob recyc“ng is possib|e

Good selectivity, after 20 h, small amounts of
8.4 % Pd-Fe-EPS intermediate was detected, recycling is
possible but decrease of activity is observed

Reduction of
nitrobenzene (XXVII)

High activity under mild conditions, recycling is

0.28 % Pd/Al,03 possible

High activity in deiodination reaction, activity is

1.7% (Pd-EPS)seron highly preserved when the base is added

High activity in deiodination reaction, activity is

Reduction of 1-iodo-4- 8.4 % Pd-Fe-EPS highly preserved when the base is added,
nitrobenzene (XXXII) aniline formation was not observed.
High activity in deiodination reaction, recycling
0.28 % Pd/Al, 03 is possible, working in water system, aniline

formation was not detected.

The reaction is slow, this catalyst does not

8.4 % Pd-Fe-EPS . . . .
appear interesting in this reaction.

High activity in the selective reduction of nitro-
Reduction of 1-chloro-3- 0.28 % Pd/Al,0; group: high formation of 3-chlorobenzamine;
nitrobenzene (XXXIV) recycling is possible.

Good activity in the selective reduction of
0.27 % Pt/Al,03 nitro-group: hydrodechlorination was not
observed.
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At the light of obtained results, homemade catalysts appear interesting for the reduction of
aromatic nitro-group and seem attractive for a possible future application for other substrates of

industrial interest.

3.8 Hydrogenation of a-B-unsaturated aldehydes

The regioselective hydrogenation of a,B-unsaturated aldehydes to the corresponding saturated
aldehydes or to the unsaturated alcohols is a very relevant reaction for the synthesis of valuable
fine chemicals. The aim was to study the selective reduction of C=C double bonds of some

unsaturated aldehydes (Figure 3.8.1).

X CHO o Ny CHO S CHO
< | )7
o)

XXXIX LXXI LXa

Figure 3.8.1. a,B-unsaturated aldehydes investigated during this work of thesis

In particular, in this paragraph 3.8, the selective reduction of C=C double bond of trans-
cinnamaldehyde (XXXIX) with homemade Pd and Rh based catalysts is described, and, for
comparison, results obtained are also reported with some commercial catalysts. According to the
type of used catalysts, different solvents were tested and the influence of medium on activity and
selectivity was investigated.

The regioselectivity of the reaction is influenced by the nature of the catalytically active metal and

137,138,139190 "Eor example, in the literature it is reported that

by the used experimental conditions
heterogeneous palladium-based catalysts are very selective towards the C=C double bond
hydrogenation®*!, while water-soluble Ru(ll)-phosphane complexes at pH 3.04 (phosphate buffer),
produce a 93:7 mixture of cinnamyl alcohol and dihydrocinnamaldehyde at 0.8 MPa of H,2.

Moreover in the literature, water-soluble catalysts operating in aqueous biphasic system are able
to reduce selectively the C=C double bond of crotonaldehyde. However, when the reaction is
carried out on XXXIX, the simultaneous hydrogenation of the carbonyl group and the C=C double

143

bond was observed with the prevailing formation of 3-phenylpropan-1-ol (XL)"*". On the base of
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these results, the activity and selectivity of the catalysts 1.7 % (Pd-EPS).erob and the corresponding

activated 1.7 % (Pd-EPS).erop Were investigated in the aqueous biphasic hydrogenation of XXXIX

(Table 3.8.1).
©/\/CHO H, CHO ©/\/CH20H AN CH,OH
_— > + +
Pd-EPS ©/\/
XXXIX VI XL XLI

Scheme 3.8.1. Hydrogenation of XXXIX catalyzed by 1.7 % (Pd-EPS).erob and activated 1.7 % (Pd-

EPs)aerob

Table 3.8.1. Hydrogenation of trans-cinnamaldehyde (XXXIX) catalyzed 1.7 % (Pd-EPS)aseron and
activated 1.7 % (Pd-EPS).erob

Catalyst Conv.XXXIX (%) VI(%) XL(%) XLl (%)
1° 1.7% Pd-EPS 63 48 12 3 103
1° Recycle 56 43 9 4 91
2° Recycle 55 45 8 2 90
3° Recycle 54 44 8 2 89
2 Activated 1.7% Pd-EPS 96 89 6 1 157
1° Recycle 94 89 5 Traces 154
2° Recycle 93 88 4 1 153
3° Recycle 99 93 6 Traces 162

#Reaction condition: substrate XXXIX = 0.26 g (0.00196 mol); 1.7 % (Pd-EPS),erob OF 1.7 % activated
(Pd-EPS)aerob = 0.012 g (substrate XXXIX/catalyst molar ratio 1000/1); THF =4 mL; H,O=4 mL, T =
50°C; p(H2) =2 MPa; t=6h

As showed in the table 3.8.1, when 1.7 % (Pd-EPS).erob Was used, conversion was fairly good (63%)
and besides 3-phenylpropanal (VI), the main reaction product, also 3-phenylpropan-1-ol (XL) (12
%) and 3-phenylprop-2-en-1-ol (XLI) (3 %) were formed (run 1, Table 3.8.1). Furthermore, it is
interested to note that the aqueous catalytic phase was recycled three times and its activity and
selectivity remained practically unchanged.

Much better results, either as conversion (up to 99 %) or selectivity towards the C=C double bond

hydrogenation (up to 93 %), were found using activated 1.7 % (Pd-EPS)aserob (run 2, Table 3.8.1).
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Analogously to 1.7 % (Pd-EPS).erob, also activated 1.7 % (Pd-EPS).erob maintained its activity in three
consecutive recycling experiments.

When the reaction was performed in THF as reaction solvent, only 4 % conversion was found, so
further confirming that water is essential for the activity of this type of catalyst.

On the same substrate also the activity of homemade 0.28 % Pd/Al,03 was investigated (Scheme

3.8.2; Table 3.8.2).

+
+
Pd/Al,O5 W
Vi XL XLI

XXXIX

Scheme 3.8.2. Hydrogenation of trans-cinnamaldehyde (XXXIX) catalyzed by 0.28 % Pd/Al,O3

Table 3.8.2. Hydrogenation of trans-cinnamaldehyde (XXXIX) catalyzed by 0.28 %Pd/Al,0O;

5’\;;'2) T(°C)  Conv.XXXIX (%) VI(%) XL(%) XLl (%)
1 0.5 50 99 89 10 126
2 0.2 50 99 96 3 126
3 0.5 35 99 96 3 126
£ 05 35 40 40 28

Reaction conditions: substrate XXXIX = 0.09 g (0.00068 mol); 0.28 % Pd/Al,03 = 0.01 g (substrate

XXXIX/catalyst molar ratio 2500/1); toluene =8 mL; t =20 h; ® reaction carried out for only 6 h.

The catalyst showed high activity and selectivity towards the C=C double bond hydrogenation
under mild conditions.

Adopting the comparative experiment by using the commercial catalyst 5 % Pd/C (Chimet), that is
used on industrial level with good success in many processes, after 20 h only 20 % of saturated
aldehyde VI was formed.

Very interestingly, by using a 0.5% Pd/Al,0O5 catalyst (generous gift of Universita di Pisa), obtained
by using a microwave technique for the preparation but the same y-alumina used by us as support
a slight improvement of activity and selectivity was observed after 5 hours of reaction (result not
reported here) with respect to the results obtained by using our homemade 0.28 % Pd/Al,0s. This

result could be explained by assuming a better dispersion of the metal due to the effect of
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microwaves, but it also worthy to note the importance of this alumina support in the preparation
of these catalysts.

Finally the influence of the stirring method (mechanical or magnetic stirrer) on the reaction was
investigated: the reaction was carried out on a larger scale in order to easier recover and recycle

homemade 0.28 % Pd/Al,0s. The obtained results are reported in Table 3.8.3.

Table 3.8.3. Hydrogenation of XXXIX by using 0.28 % Pd/Al,03 under mechanical stirrer

Run Conv. XXXIX (%) VI (%) XL (%) XLl (%) TOF

1° 99 85 14 125

1° Recycle® 99 85 14 125
2° Recycle® 99 82 17 - 417

Reaction conditions: substrate XXXIX = 6 g (0.045 mol); 0.28 % Pd/Al,03 = 0.684 g (substrate
XXXIX/catalyst molar ratio 2500/1); toluene = 60 mL; T = 35°C; p(H,)=0.2 MPa; t = 20 h; b

Experiment carried out with recovered catalyst from previous test; © reaction time = 6 hours.

The catalytic system showed a great activity, also in two consecutive recycling experiments (Table
3.8.3) but a decrease of selectivity was observed. These results highlight the necessity of a fine
tuning of reaction parameters, especially stirring mode and shape of reactor, when the scale of
reaction is increased. Further studies using bigger equipment, not available at university, should
be carried out in order to optimize both activity and selectivity of this catalyst. In any case this
catalyst shows promising performances and very good stability.

The hydrogenation of XXXIX was carried out also in the presence of other two commercial
catalysts claimed by the supplier (BASF SE) as very active catalytic systems in this type of reaction.
These catalysts called Nanoselect LF 100 (BASF 0.6 %) and Nanoselect LF 200 (BASF 0.5 %)
respectively, are prepared by reduction-deposition technology. This procedure is quite similar to
the one used in the preparation of homemade heterogeneous catalyst but a relevant difference is
the nature of support and the fact that the preparation of catalyst is made in water in the
presence of a surfactant. By this technology the metal crystallite size is independent of support

and it does not change after first formation:
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Solution of metal

Reducing Agent
Stabilizing Agent
Stabilizing layer

. . Metal core

Suspension of reduce metal crystallites

Figure 3.8.2 Preparation of BASF catalysts
The metal salt is reduced and stabilized in one step by using HHDMA (Hexadecyl(2-hydroxyethyl)-

dimethylammonium-dihydrogenphosphate):

Metal salt + HHDMA - metal colloid
HO

@
N

0
H,PO,

HHDMA
Figure 3.8.3. The structure of HHDMA

The obtained metal-colloid was deposed on carbon (BASF 0.5 %) or on titaniumsilicalite (BASF
0.6 %). The procedure for the preparation of colloidal nanoparticles and deposit them on different

supports is described in the patent™* .

These catalysts were used under the conditions reported in Table 3.8.4.
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Table 3.8.4. Hydrogenation of XXXIX catalyzed by 0.5 % and 0.6 % BASF catalysts

p(H,) Conv. 0 o o
Catalyst MPa XXXIX (%) VI (%) XL(%) XLI (%)
0.2
> BASF 0.5 % N
3P 0.2 No reaction
BASF 0.6 9 -
2 SF0.6 % 1

Reaction conditions: * substrate XXXIX = 0.150 g (0.0011 mol); catalyst = 0.013 g (substrate
XXXIX/catalyst molar ratio 2500/1, 20 % wet); T = 35 °C; t = 20 h. ® Same conditions of run 1 but
0.019 g of catalyst was used (substrate XXXIX/catalyst 2500/1, 56 % wet).

The reaction was first carried out by using both catalysts at the same reaction conditions
previously applied with success (Table 3.8.2), in the presence of homemade 0.28 % Pd/Al,O3
catalyst; unfortunately any reaction did not occur. The same disappointing result was obtained
also by using the BASF catalysts activated by a pre-treatment with hydrogen (0.2-1 MPa overnight
at room temperature). At the light of these results, it was decided to carry out the reaction in the
presence of the BASF catalysts, on homemade 0.28 % Pd/Al,O; and the catalyst prepared at

Universita of Pisa but adopting the experimental conditions suggested by BASF SEM,

The obtained results are reported in the Table 3.8.5.

©/\/CHO ©/\/CHO . ©/\/CH20H N ©/\/CH20H
XXXIX Vi XL XLI
o~ — (O MN
+ X _/
O\./ O

XL XLIII

+

Scheme 3.8.3. Hydrogenation of XXXIX by using BASF conditions
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Table 3.8.5. Hydrogenation of XXXIX by using BASF SE conditions and under mechanical stirring

Conv.
T(h) XXXIX VI(%) XL(%) XLI(%) XLl (%) XLl (%) TOF
(%)

1° BASF 0,5 % 1
2° BASF 0,5 % 20 30 9 3 18 241
3° BASF 0,6 % 20 46 8 11 27 739
4°  Pd/AL,0;028% 2 92 14 8 67 3 14786
5¢ Pd/Al,O; PISA 2 95 53 5 37 15267

Reaction conditions: ° substrate XXXIX = 6 g (0.045 mol); BASF 0.5 % catalyst = 0.036 g (substrate
XXXIX/catalyst molar ratio 32000/1, 20 % wet); T = 60°C; p(H,) = 2 MPa; ethanol = 94 mL; ® Same
conditions of run 1 but substrate XXXIX molar ratio was 16000/1; ¢ Same conditions of run 1 but
0.057 g of BASF 0.6 % (substrate XXXIX/catalyst molar ratio 32000/1, 56 % wet) was used; 4Same
conditions of runl but 0.053 g of 0.28 % Pd/Al,Os (substrate XXXIX/catalyst molar ratio 32000/1)
was used; ® Same conditions of run 1 but 0.030 g of 0.5 % Pd/Al,O3 PISA was used.

The reactions were carried out in ethanol by using a substrate XXXIX/catalyst molar ratio 32000/1
(with the exception of run 2, where the substrate XXXIX/catalyst molar ratio was 16000/1). When
homemade 0.28 % Pd/Al,03 catalyst was used, a high conversion of substrate XXXIX was found
but selectivity was rather low. In fact, a high formation of acetal XLIl was detected in the reaction
mixture (run 4, Table 3.8.5). Operating in the presence of the catalyst prepared at Universita di
Pisa, activity was always high and curiously, acetal XLIl was formed in a lower amount, probably
microwave slight affect the characteristics of alumina.

The formation of saturated and unsaturated acetals (XLII and XLII) is probably due to the
presence of Brgnsted acid sites on alumina, (see paragraph 3.1.1.2). In support of this hypothesis
the reaction of XLl in ethanol was carried out in the presence only of y-alumina and the
unsaturated acetal XLIII was formed. It is important to remark that, according to the observed
results, homemade 0.28 % Pd/Al,Os; and the catalyst supplied by Universita di Pisa showed a
superior activity compared to the catalysts commercialized by BASF SE.

The hydrogenation of trans-cinnamaldehyde (XXXIX) was finally investigated using another
commercial catalyst, 4.3 % Pd-ENCAT, an encapsulated homogeneous palladium phosphine
catalyst. In fact the metal and the phosphine ligand are entrapped into a polymeric matrix

(polyurea) and this feature, compared to homogeneous catalysts, permit a low metal
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contamination on the final product, an easy filtration and a possible re-use of the catalyst, also

allowing a flow process. The method of preparation is shown schematically below:

Catalyst system

and monolayer

Oil in water 1 Robust polymer 2 Encat
emulsion beads

catalyst
Water and

stabilizer

1 = initiation of polymerization

2 = onward processing and purification

H
MCO MNH- N
e o0 =0
THCO water —MNCO HH
oil droplet isocyanate .
isocyanate hydrolyzed CFDEiS:n-QI:ﬁddS
monomer to amine poly

Figure 3.8.3. Preparation of 4.3 %Pd-ENCAT™®
This technology allows the encapsulation of a range of catalytic systems within a polymeric matrix.
The polymer coordinates the metal so retaining it into the matrix. Furthermore, the metal is
equally distributed throughout the polymer bead. The particle sizes are controlled and the highly

porous matrix allows a good diffusion of substrates in and out of the beads.

This catalyst was used under different conditions summarized in Table 3.8.6.
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Xx-CHO
@/\/CHO+ ©/\/CH20H ©/\/COOH ©/\/COOH
+
+
\Y XL XLV

XXXIX XLIV

Scheme 3.8.4. Hydrogenation of trans-cinnamaldehyde (XXXIX) by using Pd-ENCATS 4.3 %

Table 3.8.6. Hydrogenation of XXXIX catalyzed by 4.3 % Pd-ENCATS

Conv. XLV XLVI XLVII Others TOF
XXXIX(%) ) ) by-products (%)
1 19 19 1
2° 99 52 11 6 28 2 5
3¢ 97 36 24 2 12 4 19 2
4° 98 58 8 7 19 4 2 4
5¢ 44 26 11 7 2

Reaction conditions:  substrate XXXIX = 0.533 g (0.004 mol); 4.3 % Pd-ENCAT = 0.100 g (substrate
XXXIX/catalyst molar ratio 1000/1), toluene = 10 mL, p(H,)= 0.2 Mpa; T = 40°C; t = 20 h; ® Same
conditions of run 1 but p(H,)= 0.5 MPa; mixture of toluene/propan-2-ol 8.5/1.5 = 10 mL;  same
conditions of run 1 but 0.200 g of 4.3 % Pd-ENCAT was used (substrate XXXIX/catalyst molar ratio
500/1); mixture of toluene/propan-1-ol 8.5/1.5 = 10 mL; dSame conditions of run 1 but the solvent
was 10 mL mixture of toluene/propan-1-ol 8.5/1.5; € same conditions of run 1 but the 10 mL of

Ethyl Acetate as solvent was used.

Due to the low selectivity obtained by using this catalyst, it is possible to conclude that 4.3 % Pd-
ENCAT is not suitable for this type of reaction.
Finally, the reduction of trans-cinnamaldehyde (XXXIX) was also performed by using homemade

0.18 % Rh/Al,0s. Preliminary results are reported in Table 3.8.7.
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Table 3.8.7. Hydrogenation of XXXIX catalyzed by homemade 0.18 % Rh/Al,03

Sub/cat Conv.

Run  molar XXXIX VI(%)  XL(%)  XLI(%) XLl (%) XLl (%)  TOF

ratio (%)
1°  1000/1 99 99 254
2° 3800/1 40 40 1553
3 32000/1 58 4 1 21 32 4179

Reaction conditions: ® substrate XXXIX = 0.088 g (0.66 mmol); 0.18 % Rh/Al,03 = 0.010 g; toluene =
10 mL; p(Hy) = 0.5 MPa; T =50°C; t = 4 h; b substrate XXXIX = 0.023 g (0.174 mmol); 0.18 %
Rh/Al,03 = 0.010 g; toluene = 10 mL; p(H,) = 0.5 MPa; T = 50°C; t = 1 h; © substrate XXXIX =6 g
(0.045 mol); 0.18 % Rh/Al,05 = 0.036 g; p(H>) =2 MPa; T = 60°C; ethanol =94 mL, t =2 h.

Also working in the presence of this catalyst, excellent conversion and selectivity were found
operating under mild conditions. Further investigations are necessary to evaluate the real
potentiality of this catalyst and its recyclability. Therefore, at the moment, it is not possible to

establish which catalyst (0.18 % Rh/Al,O3 or 0.28 % Pd/Al,Os) is more sustainable for this reaction.
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3.8.1 Conclusive remarks
The most significant results are summarized in Table 3.8.8 reported below.

Table 3.8.8. Summary of the results and possible future developments

Catalyst

1.7 % (Pd-EPS),erop and
activated 1.7 % (Pd-EPS),crop

Operation conditions

50°C, p(H,)=2 MPa, S/C
1000/1, 6 h, THF/water
mixture

Results

High activity when activated
1.7 % (Pd-EPS),er0p Was used
with very low formation of by-
products; possibility to
recycle;

Future development

Try to reduce the pressure
and increase the substrate
(XXXIX)/molar ratio, try to
work using water as unique
external solvent

0.28 % Pd/Al,O; vs 0.5 %
Pd/AlLO;

35°C, p(H,)= 0.2 MPa, S/C
2500/1, 5-20 h, toluene

High selectivity toward the
C=C double bond under
milder condition was
observed by using both
catalysts. This fact
demonstrates the importance
of this y-alumina as support.

Further investigation using
different catalysts preparation
protocol with or without
microwaves

0.28 % Pd/Al,0O; vs BASF and
0.5 % Pd/Al,O; catalysts

60°C, p(H,)=2 MPa, S/C
32000/1, 2 h, ethanol

Homemade catalyst showed
higher activity than BASF
catalyst, anyhow in the same
condition all catalysts showed
less selectivity due to the
formation of acetals.

Further investigations on the
use of solvent in order to
maintain high activity and

selectivity

0.28 % Pd/Al,0; vs 4.3 % Pd-
ENCAT

40°C/50°C, p(H,)=0.5 MPa;
S/C 1000/1; 20 h, different
solvents

Homemade Pd/Al,O; is more
efficient than 4.3 % Pd-
ENCATS, which does not

appear suitable for this kind

of reaction.

0.18 % Rh/Al,O,

50°C; p(H,) = 5 MPa, S/C
1000/1 and 3800/1, toluene;
60°C; p(H,) =2 MPa; S/Cm.r

32000/1, ethanol

Respect to 0.18 % Pd/Al,O;,
no hydrogenation of carbonyl
group was detected at 0.5
MPa of H, and 50°C. Also in
this case, when the reaction
was performed under BASF
conditions, low selectivity was
detected.

Further studies to improve
the performance of catalyst.

In conclusion, homemade Pd and Rh based catalysts are very active in the hydrogenation of

unsaturated aldehydes. These catalysts work in heterogeneous conditions (0.28 % Pd/Al,03 and

0.18 % Rh/Al,0s3) or in aqueous biphasic conditions (1.7 % Pd-EPS)aserop and 1.7 % activated (Pd-

EPS).erop and these features make these catalytic species very interesting from an environmental

and economic point of view and potentially suitable for scaling up.
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3.9.Synthesis of Lioral™: introduction

Lioral™ is a fine aldehydic fragrance and presents a floreal (lily of the valley) odour profile. It is an

odorant booster, not allergenic and with a good persistence. The synthesis was described only in a
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patent by Luca Turin™’ (Scheme 3.9.1). However, the description is not exhaustive for what

chemical purity and yield are concerned.

Scheme 3.9.1. Synthetic way to obtain Lioral™

ES/} iPrCl, AlCI, ES//)\ :< L%\

/)
Lewis Acid

j\CHO

Lioral™ is a high-cost fragrance but has advantages with respect to the competing products, such

HO

as for example a higher biodegradability that is relevant to avoid accumulation of the product in

the environment. The characteristics of Lioral™ and related products are reported in Table 3.9.1.

Table 3.9.1. Characteristics of some commercial fragrances

Compounds Characteristics

0L

OH  Lyra™

low persistence; low cost; potentially allergenic;

scent of lily of the valley
=0
hydrossicitronellal

OH

ability to enhance other fragrances; good
s CHO persistence (no unpleasantness); scent of lily of
| P H the valley (but not an aldehyde note); high cost;

™ non-allergenic; properties of the two
Lioral .
enantiomers are unknown

CHO scent of lily of the valley; good persistence
(slightly unpleasantness in a long period); high
cost; different scent and our threshold value of

Florhydral™ the two enantiomers
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Previously Lioral™ was synthesized by Heck reaction or by the use of enzymes to obtain
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enantiomerically enriched forms™. In the present research, new catalysts were evaluated in order

to optimize the reaction conditions and to study some alternative ways to obtain Lioral™. In the

following Scheme 3.9.2 the various investigated methods are reported.

O
OH
| S CH3;MgX | S dehydration S halogenation
—_— —_—
Y / hydrogenation | /

XLVIII XLIX La X: -1 = LIV,

. X: -Br =LV,
. X
formylatiol /
od LIV, LV, —Np
CHO d| A
LVl

wa
NaOH
g LXV, Co\\’\

Rhl CO/H,

S
CHO
| X H,
7 - S CHO
LX,, Pd | /
LXI,

Scheme 3.9.2. Different studied approaches to obtain Liora

/

<—

\U)

OH

™
|

On the basis of fact that many following reaction Scheme 3.9.2 were made on alkyl thiophenes
(i.propyl or ethyl), hereafter reagents and products will have the same roman number and
distinguished subscript: ;) for i.propyl derivatives and ) for ethyl derivatives.

To obtain Lioral™ it is necessary to synthesize 2-isopropylthiophene (Ly). It is a key precursor and
is commercial available only at very high price. For instance, Otava sells it at 7,960 €/Kg and
Molport sells it at 301,600 €/Kg. Therefore, different strategies to obtain this key intermediate
have been studied and described later. Then, L, is halogenated and the halo derivative
transformed into the target fragrance following two different reaction pathways. By one of these

synthetic routes, the halo-intermediate is converted into the 2-isopropylthiophenecarbaldehyde
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(LVIII,), that is also a promising potential new fragrance (see Paragraph 3.9.5). This aldehyde LVIII,
is condensed with propanal under basic conditions and the obtained unsaturated product LX; is
finally hydrogenated to Lioral™ (LXI,). Another possible route, is the synthesis, always starting
from the halo-intermediate, the olefins LXV, or LVI, by Pd catalyzed cross-coupling reaction. Both
olefins (LXV., LVI,) can be hydroformylated to synthesize Lioral™ (LXI,) and its isomers. The yield
of the hydroformylation reaction and the distribution of isomeric aldehydes is affected by the
different position of C=C double bond in the olefin precursor. Howerer, it would be interesting to
evaluate the scent of these mixtures in comparison with pure LXl,.

However, it should be underline that because of the high cost and the difficulties to get 2-
isopropylthiophene (L) in large amounts, it was decided to study either the optimization of some
reaction parameters and new synthetic processes starting from the structural analogue 2-
ethyltiophene (L,) which is commercially available at lower price (1,652 €/Kg). Furthermore, it
would also be interesting to evaluate the potentiality products derived from L. as fragrances

and/or flavors.

3.9.1 Synthesis of 2-(thiophen-2-yl)propan-2-ol (XLIX)

OH
S S
| / + CH3MgBr | /
XLV XLIX

Scheme 3.9.3. Synthesis of 2-(thiophen-2-yl)propan-2-ol (XLIX)

2-(Thiophen-2-yl)propan-2-ol (XLIX) is a key intermediate for the preparation of 2-
isopropylthiophene (L;). The synthesis of XLIX was carried out as reported previously149. The
conversion of XLVIII into XLIX was quantitative and, after work-up a yellow liquid was obtained

with 95 % vyield.
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3.9.2 Synthesis of 2-isopropylthiophene (L,) starting from 2-(thiophen-2-yl)propan-2-ol (XLIX)

ITM

2-Isopropylthiophene (L,) is the starting material to obtain Lioral ™ (LXl,), and different approaches

were investigated.

3.9.2.1 Synthesis of 2-isopropylthiophene (L) by treatment of 2-(thiophen-2-yl)propan-2-ol (XLIX) with

trifluoroacetic acid and triethylsilane (TES)

OH

S
S
% + CF3COOH + (CH3CHy)SiH———— /H'/\)
/
La

XLIX

Scheme 3.9.4. Synthesis of 2-isopropylthiophene (L,) by using trifluoroacetic acid and TES

In the literature it was reported that it is possible to obtain alkyl substituted thiophenes by
reaction of alkenyl thiophenes with trifluoroacetic acid and triethylsilanel5°. In this paper, the
authors describe in detail the method to obtain 3-isopropylthiophene and also claim a 90 % yield
for the target 2-isomeric compound. For this reason the described protocol was repeated on
alcohol XLIX. The reaction was fast, but afforded numerous by-products, including a bis(i-propyl-
thiophene)dimer. The work-up was not simple and, after distillation, only a 13% vyield of the

desired product L, was obtained.
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3.9.2.2 Synthesis of 2-isopropylthiophene (L,) by reaction of 2-(thiophen-2-yl)propan-2-ol (XLIX) with
trifluoroacetic acid and PMHS [poly(methylhydrosiloxane)]

OH

#ts) S
| ) +CF3COOH + PMHS D
XLIX L,

Scheme 3.9.4. Synthesis of L, by using PMHS and trifluoroacetic acid

At the light of the previous results, PMHS [poly(methylhydrosiloxane)] instead of TES was
used as H-donor. In this way, in principle a purer L, could be obtained without traces of
volatile silicon by-products. However following the previous procedure, only 13 % conversion

into La was observed.

3.9.2.3 Synthesis and isolation of 2-(prop-1-en-2-yl)thiophene (LI)

In order to obtain L, another possible approach was the synthesis of 2-(prop-1-en-2-yl)thiophene

(LI), as intermediate, and its following reduction.

3.9.2.3.1 Synthesis of 2-(prop-1-en-2-yl)thiophene (LI) by cross-coupling reaction

> Br S
U + Mg UMgBr

LIl L1l
Pd(PPh3),

S Br S
E/)/MgBr + /g |/

Ll LI

Scheme 3.9.5. Synthesis of 2-(prop-1-en-2-yl)thiophene (LI) by cross-coupling reaction

The synthesis involves the cross-coupling reaction of the Grignard reagent 2-thiophenyl
magnesium bromide (LIll), easily obtained from the commercially available 2-bromothiophene (L)

and Mg turnings, with 2-propenylbromide in the presence of Pd(PPhs),">": disappointingly, this
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synthetic route gave unsatisfactory results, being polymeric derivatives the prevailing reaction

products.

3.9.2.3.2 Synthesis of 2-(prop-1-en-2-yl)thiophene (LI) by dehydration of 2-(thiophen-2-yl)propan-2-ol
(XLIX) using different dehydrating agents

The synthesis of olefin LI was investigated by dehydration of XLIX using different agents. First the
reaction was carried out by following a procedure described for similar substrates in the presence

of copper sulphate as dehydrating agent™?:

OH
S, cuso, S

| ) — | ) +HO
XLIX LI

Scheme 3.9.6. Synthesis of LI by dehydrating of XLIX

In order to obtain high yields of the desired product LI the dehydration was performed under very

mild conditions but only 36 % yield of the isolated product LI was recovered

Table 3.9.2. Results obtained by using CuSO,4 as dehydrating agent

Run P (Pa) Distillation T(°C) (LI) Isolated Yield (%)
1a . o ___d

2° 130 60 29

3P 6 25 36

? Reaction conditions: substrate XLIX = 1 g (0,007 mol); dry CuSO, = 0,83 g (XLIX/cat molar ratio:
1/0,75); T = 25°C; vacuum was not applied; ® substrate XLIX = 2 g (0,014 mol); dry CuSO, =1,66 g

(XLIX/cat molar ratio: 1/0,75); d only by-product were obtained.

In order to improve the yield in 2-(prop-1-en-2-yl)thiophene (LI), other dehydrating systems were

tested and the obtained results are summarized in Table 3.9.3.
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Table 3.9.3. Results obtained by using different dehydrating agents

By-product L (%)
Run Dehydrating agent Conv.XLIX (%) LI (%) (%) isolated
yield
1° Aquivion® 99 -- 99 n.d
2° Acidic coal superw; 99 55 45 21
3¢ CH3COOH 99 50 50 nd

® Reaction conditions: substrate XLIX = 2 g (0,014 mol); Aquivion® = 0,243 g (sub. XLIX/-RSO3H
50/1); n-Hexane =10 mL; T = 25°C; t =2 h; b substrate XLIX = 5 g (0,035 mol); acidic coal superwj =
1,5 g; n-Hexane = 30 mL; T = 25°C; t = 24 h; “ substrate XLIX= 5 g (0,035 mol); 0,6 g (0,004 mol) of
KI, 7 mL of Na,SOs (50 % w/v) water solution; CH3COOH = 40 mL; n-Hexane= 40 mL; T=50°C, t =2
h; * the crude mixture was treated as reported in experimental parts and the olefin LI was directly

hydrogenated into 2-isopropylthiophene (L;).

Aquivion®is an acidic perfluorinated acid polymer (for further information see Paragraph 3.11) but
when it was used as dehydrating agent only solid by-products were formed. This result can be
explained by the fact that the sulfonic groups can promote the polymerization of olefin LI
Operating with acidic coal or acetic acid (run 2 and 3, Table 3.9.3), compound LI was produced but
in both cases large amounts of by-products were obtained. After work-up of the crude mixture
obtained from run 2, only 21 % of the desired olefin LI was recovered. This result is perhaps
affected by the difficulty to separate efficiently LI from the solvent during the work-up. In run 3,
the crude mixture was purified following the work-up described in the experimental parts and
then the obtained olefin was hydrogenated into L;, according to the procedure describes in detail
in the experimental parts. At the end of the reaction (24 h) conversion, determine by quantitative
GC analysis into L, was 80%, but after distillation under vacuum, the target product L, was

obtained in only 41 % yield.
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3.9.3 Synthesis of 2-isopropylthiophene (L,) by combined dehydrating/hydrogenation reactions

At the light of obtained results in the previous experiment for the synthesis of LI, it appears
evident that it is difficult to recover the pure product in high yields. In fact, in the presence of Pd
catalyst or acid environment, a high amount of by-products was formed. For these reasons, a
different approach was investigated: the dehydration of alcohol XLIX was combined with the
simultaneous hydrogenation of the intermediate olefin LI. By this way, the low-stable LI is
converted directly into 2-isopropylthiophene L, without any intermediate work-up. The scheme of

this synthetic pathway is reported below.

OH
m HZ | S
| -
7 Catalyst L /

XLIX Dehydrating Agent a
Q &/ oA
% TS
R S &
Q. . O
% |
> /
LI

Scheme 3.9.7. One step synthesis of L, by dehydration/hydrogenation
This reaction was deeply studied, using different types of hydrogenation catalysts and different

kinds of dehydrating agents. The obtained results are reported in the following Tables 3.9.4, 3.9.5
and 3.9.6.
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Table 3.9.4. Results obtained with different dehydrating agents and 5 % Pd/C (Chimet) as

hydrogenation catalyst

Dehydrating agent Conv. XLIX (%) L, (%) By-products (%)
1° Amberlyst 15® (H" form) 99 80 19
2° CH;COOH 99 59 40
3¢ CuSQ,4 99 - 99
4° Acidic Coal 99 52 47
5¢ Acidic Coal 99 28 72*
6' Montmorillonite K-10 72 19 53

General reaction conditions: substrate XLIX = 5 g (0,035 mol); Pd/C 5 % 0.53 g (XLIX/Pd molar
ratio: 140/1); p(H,) = 0.5 MPa; T = 25°C, t= 24 h; ? Amberlist-15 (H* form) = 0,5 g; BHT = 0,05 g;
diisopropylether = 1 mL; isooctane = 30 mL; b acetic acid = 1.00 mL (0.018 mol, d=1.05 g/mL); Pd/C
5 % = 0,78 g(XLIX/Pd molar ratio: 95/1); BHT = 0.05 g; CH;0H = 30 mL; ¢ dry CuSOs = 7,5 g
(XLIX/dry CuSO4 molar ratio 1/0.75); pentane = 30 mL; 4 Acidic coal superwj = 1.5 g; BHT = 0.05 g;
diisopropylether = 1 mL; isooctane = 30 mL; T= 30 h; ® substrate XLIX = 3 g (0.021 mol); PMHS =5
mL; Pd/C 5 % = 0.50 (XLIX/cat molar ratio: 92/1); Acid coal superwj = 0.5 g; toluene =20 mL; T =
25°C; t =72 h; 33 % is 2-(prop-1-en-2-yl)thiophene (LI); "substrate XLIX = 3 g (0.021 mol); Pd/C 5 %
=0.45 g (XLIX/Pd molar ratio: 100/1), pentane = 20 mL; 48 h.

Table 3.9.5. Results obtained by using Pd deposited on different acidic supports

Catalyst DehAygderrz:;cmg Con(\c/)/.o))(LIX L, (%) By p(r;:):iucts
1? Pd/acid coal 1 % - 99 60 39
2° Pd/acid Al,03 1 % 0 0 0
3¢ Pd/acid Al,05 1 % 10 0 10
4° Pd/acid Al,O; 1 % CH3COOH 80 3 77

% substrate XLIX = 5 g (0.035 mol); Pd/acidic coal = 0.5 g; BHT = 0.05 g; diisopropylether = 1 mL;
isooctane = 30 mL; p(H,) = 0.1 MPa; T=25°C; t =48 h. b substrate XLIX = 2 g (0.014 mol); Pd/Al,O3
acid 1 % = 1.49 g (sub/Pd molar ratio 100/1); n-Hexane = 20 mL; p(H,) = 0.5 MPa, T =25°C, t = 24
h.  the same condition of run 2, but the temperature was 50°C and p(H,) = 0.5 MPa; 9 substrate
XLIX = 2 g (0.014 mol); Pd/Al,O5 acid 1 % = 1.49 g(XLIX/Pd molar ratio 100/1); CH3COOH = 1 mL
(0,018 mol, d=1,05 g/mL); n-Hexane = 20 mL; p(H,)= 0.5 MPa; T = 25°C; t = 24 h, * 40 % of 2-(prop-

1-en-2-yl)thiophene (LI) is included.
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Table 3.9.6. Results obtained by using Pd(OAc), as hydrogenation catalyst in presence of acetic

acid or acetic anhydride as dehydrating agent.

Run  Dehydrating agent  Conv. (XLIX) % L, (%) By-product (%)
1° (CH3C0),0 20 2 18
2° CH3COOH 80 40 40

Reaction conditions: ® substrate XLIX = 2 g (0,014 mol); acetic anhydride = 1 mL (0.009 mol, d=1.09
g/mL); Pd(AcO), = 0.032 g (XLIX/cat molar ratio: 100/1) activated at p(H,) = 1 MPa for 1 h before
the reaction; n-Hexane = 10 mL; THF = 10 mL; p(H,)= 0.5 MPa; T = 25°C; t = 20 h; ® substrate XLIX =
2 gr (0.014 mol); CH3COOH = 1 mL (0.018 mol, d=1.05 g/mL); Pd(AcO), = 0.032 g (XLIX/cat molar
ratio: 100/1) activated at p(H,) = 1 MPa for 1 h; n-Hexane = 10 mL; THF = 10 mL; T = 50°C; p(H,) =
0.5 MPa; t=20h.

The best result was obtained when the reaction was carried out in the presence of Amberlyst-15®
as dehydrating agent and isooctane as solvent (run 1, Table 3.9.3). In this experiment, complete
conversion of alcohol XLIX was detected and conversion to L, was 80 % (determined by calibration
line). After work-up, pure desired product L, was obtained in 50 % vyield.

In general, it was observed that the recovery of 2-isopropylthiophene (L;) was not simple. It is
necessary to have an efficient distillation column because part of 2-isopropylthiophene (L,) is lost
with the distilled solvent. In any case, the combined dehydration/hydrogenation reactions
represent a promising synthetic route to obtain 2-isopropylthiophene (L,) but a careful study for a
possible scaling-up of this protocol is necessary. In particular the following points have to be

further investigated:

1. the type of hydrogenation catalyst that must be enough active without promoting the
polymerization of LI;

2. the type of dehydrating agent that must be enough active to dehydrate 2-(thiophen-2-
yl)propan-2-ol (XLIX), but should be not too strong to increase the formation of by-
products (such as CuSQO,);

3. the mixing affects the reaction yield so H, concentration must be sufficient to promote the
hydrogenation reaction without giving time to olefin to polymerize;

4. work-up and purification procedure must be optimized even if, as alternative, in order to
reduce L, losses, it should be possible to use directly the crude mixture in the following

reaction steps.
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3.9.4 Halogenation of 2-alkylthiophenes

The halogenation reaction was studied either on 2-isopropylthiophene (L,) or on 2-ethylthiophene

(Lp) by using different halogenating systems (Scheme 3.9.8).

R S halogenating R

agent S
| \“/\)/x
/
R:-Et =Ly R: -Et; X: I = LIV,
R:-iPr=1L, R: -Et; X: Br=LVy
R: -Et; X: Cl =LVI,
R: -iPr; X: 1 = LIV,
R: -iPr; X: Br =LV,

Scheme 3.9.8. Halogenation of alkylthiophenes
3.9.4.1 lodination of 2-alkylthiophenes

R S R
CH3COOH S
| ) +NalOg + I, ———— \E)/l
H,SO, Y
R:-Et=L, R: -Et = LIV,
R:-iPr=1L, R: -iPr=LIV,

Scheme 3.9.9. lodination of 2-alkylthiophenes

The iodination was performed by using the NalOs/l, redox system in ethyl acetate as the

solvent®®?

. This synthesis was carried out on 2-ethyl L, and 2-isopropyl thiophene (L,); in both
cases conversion was quantitative and selectivity almost complete, being other mono halo-isomer
formed in negligible amount (< 1%). Moreover, di-halogenated compounds were never detected in

the reaction mixture.
3.9.4.2 Bromination of 2-alkylthiophenes

The bromination of 2-alkylthiophenes of L, and L, was performed by using different systems.

Initially, N-bromosuccinimide (NBS) was used as brominating agent*>*:
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R: -iPr=La R:-Pr=1LVa
-Et=1L, -Et=LVb

Scheme 3.9.10. Bromination of 2-alkylthiophenes by using N-bromosuccinimide

The reaction was carried out at 25°C, in a mixture 1:1 of acetic acid and chloroform for two hours.
Conversion was very high (> 99 %), but the formation of B-isomer (about 2 %) was detected. The
presence of B-isomer in the reaction mixture, even if in small amounts, is a relevant drawback as it
is very difficult to remove it by distillation or by flash chromatography. Analogously to the
iodination, also in this case di-halogenated compounds were not formed.

Besides the formation of B-isomer, it should be emphasized the use of chloroform as solvent and
N-bromosuccinimide as brominating agent. The first one is toxic for human health and it is not
eco-friendly while N-bromosuccinimide leads to the formation of N-succinimide as byproduct.

Therefore, to avoid all these drawbacks, the reaction was carried out by using HBr/H,0, system155:

S S_ g
| ) +HOp+HBr ———— | )
LV,

Lp

Scheme 3.9.11 Bromination of 2-ethyllthiophenes (Ly) by using HBr/H,0, system

This system uses HBr as brominating agent and a 1:1 mixture of CHsCN and water as solvent.
Acetonitrile is not exactly eco-friendly but is necessary to use as co-solvent because 2-
alkylthiophenes are not very soluble in water. Conversion to 2-bromo-5-ethylthiophene (LV},) was
87% and after 5 h also 4 % of di-brominated compounds and traces of isomeric monobromo

derivative was formed. Another investigated brominating system was KBr/Oxone®"®:

S S B
| ) +Oxone®+KBr ——— e
LV,

Lp

Scheme 3.9.12. Bromination of 2-ethylithiophene (LV};) by using KBr/Oxone® system
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Oxone®, also note as Caroat or MPS is a triple salt composed by potassium mono persulfate with
the following formula: KHSOseKHSO,eK,SO; and the molecular weight is 614.76 g/mol
(corresponding to 152.2 g/mol for KHSOs). The reaction was carried out at 25°C in a 1:1 mixture of
CHsCN and water as solvent, and after 2 h 90 % conversion of substrate was detected. 82 % of
(LVp), 8 % of di-brominated compounds and traces of isomeric monobromo derivative compound

were found.

3.9.4.2.1 Analysis of bromination reaction
The bromination, as above described, was carried out by using three different systems. Here, the
comparison of the methods used, according to some green chemistry parameters (green metrics),

are reported. The following calculations are based on reactions with 1 g of L, as starting material.

a) Reaction with N-bromosuccinimmide:

e

1.60¢g 1,65 g (97 % conv)
MW: 112 20 g/mol MW: 177. 90 g/mol MW: 191.09 g/mol
0.009 mol 0.009 mol 0,0087mol
Ly LV

Scheme 3.9.13. Bromination of (L,) by using N-bromosuccinimmide
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b) Reaction with H,0,/HBr system

S S
| + Hy0, + HBr ————~ | B

19 15049
MW:112.20 g/mol MW: 191.09 g/mol
0.009 mol 0.0078 mol
Lp LVy

30 % H,0,:2,50 g (0,018 mol, PM: 34.02 g/mol, d = 1,40 g/mL)
48 % HBr: 1,53 g (0,009 mol, PM: 80,91 g/mol, d = 1,49 g/mL)

Scheme 3.9.14. Bromination of L, by using HBr/H,0,

c) Reaction with Oxone®/KBr system:

S S 5
| ) +Oxone®+KBr ———~ e

1g 1349
MW:112.20 g/mol MW: 191.09 g/mol
0.009 mol 0.007 mol
Lb LVb

Oxone®: 5.53 g (0.009 mol)
KBr: 1.05 g (0.009 mol)

Scheme 3.9.15. Bromination of L, by using KBr/Oxone®

metrics

Brominating agent Conv. Ly (%) LVu(%) By-products (%) A.E

Table 3.9.7. Comparison between the various reactions of bromination according to some green

N-bromosuccinimmide 99 97 2 0.66 0.63 8.22
H,0,/HBr system 91 87 4 0.85 0.64 8.65
Oxone®/KBr 90 82 8 0.23 0.18 19.01

Table 1.3, paragraph 1.2.
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It is important to remember that a “green reaction” is characterized by AE and RME value close to

one, and E value close to zero. For definitions and further considerations on these parameters see

From obtained results, it is possible to observe that, from environmental point of view, as the
preliminary conclusion, the best method to obtain bromo-derivatives is the reaction carried out by
using the brominating system H,0,/HBr despite the not complete conversion. The reaction was
carried out on mixture of water and acetonitrile and the detected conversion of starting material
L, was 91 %, with high selectivity, in fact, 87 % of desired product LV, was found. 4 % of di-

brominating by-product was also found but they are easily separable from desired LV, by



distillation. Furthermore, is important to note that the by-products obtained from this
brominating system are essentially dirty water and oxygenlss.

I”

This last point is important for “environmental” economy. In fact, when N-bromosuccinimide was
used as brominating agent, high conversion and selectivity was found (97 % conversion of L, into
LV,) and comparable value of AE, RME and E-factor was determined. However, the reaction was
carried out in chloroform and acetic acid that represent the major waste at the end of reaction.
Furthermore, produced N-succinimide as residual of the brominating system is found in the wastes
(it represents 45 % in weight of brominating system) and should be recovered and reuse to
regenerate NBS.

The green parameters calculated for the reaction carried out by using Oxone® and KBr are affected
by the molecular weight of the salt and from lower selectivity of this brominating system. In fact,
despite the high conversion of L, (90 %) only 82 % represents LV}, inasmuch 8 % of di-brominated
by-product was also detected. The reaction was carried out in mixture of water and acetonitrile
and the wastes are mainly represented from dirty water, unreacted Oxone® and its derivative salt,
KOH and unreacted KBr. In this last case, it is possible to improve the selectivity of reaction by
calibrating the amount of reagents and studying in detail the best mode to introduce them;
however the residue salt from Oxone® still represent a major drawback in AE, RME and E factor
parameters.

This exercise of evaluation of the sustainability a type of reaction, using simple green metrics,
could not be so precise and, as already in Chapter 1, for industrial study, many other parameters

including LCA approach are mandatory.
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3.9.4.3 Chlorination of 2-ethylthiophene (LVI,)

The chlorination of L, was carried out by using a solution of HCIO buffered at pH = 8, in presence

S s
| ) +NaclO + Silica——— | )

Ly LVIy,

of silica:

Scheme 3.9.16. Chlorination of L, by using NaClO and Silica

The reaction was carried out as reported in experimental parts, and after 21 h, conversion to 2-
chloro-5-ethylthiophene (LVI,) was 90 %. Besides the desired product, traces of 5-ethylthiophen-2-
ol (LVIl,) or other hydroxylthiophene isomers were detected in the reaction mixture. This result is
very interesting and cheap. It is to underline that the previous references in the literature this

157,158

reagents combination are scanty and never applied in thiophene derivatives.

3.9.5. Synthesis of aldehydes by reductive carbonylation

As depicted in Scheme 3.9.2, halo-derivatives of L, and L, were transformed corresponding
carboxaldehyde (LVIII, and LVIIl,), a valuable intermediate for the synthesis of the fragrance
Lioral™(LXI,) and analogous compounds.

Aldehydes can be prepared by using different methodologies159 but carbonylation can be
considered one of the most interesting synthetic way, also from an industrial point of view. As a
matter of fact, the synthesis of aldehydes by carbonylation reaction presents many advantages
with respect to the classical methods that are affected by the use of large amounts of reagents, by
the presence of multiple steps and, at least, by the production of a stoichiometric amount of

wastes (Table 3.9.8).

124



Table 3.9.8. Reactions to obtain aldehydes

Substrate Reagents Name reaction
Ar-H HCN/HCI/Lewis Acids Gattermann
Ar-H CO/HCI/Lewis Acids Gattermann-Koch
Ar-H RCN/HCI/Lewis Acids Hoesch
Ar-H POCI3/N,N-dimethylaniline Vilsmeyer

Ar-CH,X Urotropine/H,0 Sommelet
Ar-X Triethyl orthofomate/H,50,4/H,0 Chichibabin
Ar-X CO/H-donor/catalyst Heck

However, the conditions initially reported by Heck were not suitable for industrial applications,
since they involved high pressure (greater than 8 MPa of 1/1 CO/H,) and high amount of

10 Over the past 30 years, many studies have been done to improve the reaction

catalyst
conditions. For example Stille and co-workers useed metal hydrides as reducing agents; in this way
different substrates were successfully carbonylated in 2.5-3.5 h under mild conditions (50-80°C,
0.1-0.3 MPa CO) by using tributyltin hydride (BusSnH)™!. However, tin hydrides could not be used
today because of their toxicity and waste generation. Other reducing agents have been applied

163164 i the presence of

such as PMHS (polymethylhydrosiloxane)162 and other organ-silanes
various known palladium catalytic systems. From these work, it is clear that an accurate setting of
the reaction parameters (catalyst, base, solvent, temperature, pressure, concentration) for the
transformation of (hetero)aryl bromides and iodides into the corresponding aldehydes is
fundamental. Generally, the desired aldehydes were obtained in 79-100 % yieldm.

It is also important to note that the use of carbon monoxide is not as desirable because of its
toxicity and gaseous nature. Consequently, different CO sources have been investigated such as

> However, despite the research on

formate salts or, recently, the use of paraformaldehyde
hydrogen and CO alternatives, homogeneous metal based catalysts modified with phosphino

ligands are still used and could hamper its industrial application.
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The interest of carbonylation in this work of thesis was focused on the synthesis of two thiophene

carboxaldehyde derivatives (LVIII;and LVIIIy):

o
S | S |O
LV, LV,

Figure 3.9.1. Aldehydes synthesized by reductive carbonylation

5-Ethylthiophen-2-carbaldehyde (LVIII,) is an industrial flavor of commercial interest and can be
formed in natural way during foods cooking. Some studies have shown that this aldehyde is
retrievable in cooked beef and cooked pork liver'®®. It is one of the substances responsible for the
typical aroma and smell of these foods and it is formed by Maillard reaction which occurs during
the foods cooking167

Compound LVIII, is a fragrance with a potential industrial interest®® but here is also important

intermediate to synthesize Lioral™ (LXI,):

0]
| CO.Hy CH3CH,COH S |
Pa |
LIV, LVIII, LXI,

Scheme 3.9.17. Synthetic route to obtain Lioral™ (LXI,)

3.9.5.1 Result of Carbonylation reaction

In the literature it is reported that aldehydes can be obtained from aryl-halides by using

163 162

triethylsilane (TES)™” or polymethylhydrosiloxane (PMHS) as H-donor™"°. Basing on these data,
initially the study was focused on the synthesis of LVIII,. The reaction of carbonylation was carried
out, as reported in the literature, starting from 5-iodo-2-isopropylthiophene (LIV,) and by using
PMHS as H-donor in the presence of Pd(PPhs), (run 1) as catalyst and hexamethylphosphoroamide

(HMPA) as base . The solvent was acetonitrile™®%.
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Table 3.9.8. Results obtained by carbonylation of LIV, under homogeneous conditions

Run Base Solvent Conv. LIV, (%) LVIII; (%) L, (%)
1° HMPA CHsCN 99 97 2
2° Na,COs3 DMF 99 69 30
3¢ Na,CO3 Me-THF 99 99

Reaction conditions: substrate LIV, = 2 g (0.008 mol); PMHS = 3.36 mL; HMPA = 5.57 mL
(HMPA/LIV, molar ratio 4/1 d = 1.03 g/mL); Pd(PPh3); = 0.092 g (LIV,/cat molar ratio 100/1); CH3CN
=10 mL; p(CO) =1 MPa; T =80°C; t = 20 h; b scame conditions of test 1 but 1.70 g of Na,COs (rap
Na,COs/LIV, molar ratio 2/1) was used instead of HMPA, and 10 mL of DMF was used instead of
CH3CN; “same condition of test 1 but 1.70 g of Na,CO;3 (rap Na,COs/LIV, molar ratio 2/1) was used
instead of HMPA, 0.051 g of Pd(PPhs); with LIV,/cat molar ratio 180/1 was used and 10 mL of 2-
MeTHF was used instead of CH3CN.

Even if the result of the reaction according to run 1 (Table 3.9.8) is excellent,
hexamethylphosphoroamide (HMPA) is not a safe compound. It has been shown to cause nasal
cancers in rats, and many organic chemists regard HMPA as an exceptionally hazardous molecule
due to its known carcinogenicity **°. Also the use of DMF (run 2, Table 3.9.8) is not advisable, as
this solvent can irritate noise and throat, may damage the developing fetus and seems that it can
cause spontaneous abortions and miscarriages in exposed woman*’°.

For these reasons, in this work, HMPA was replaced with sodium carbonate while CH3CN and DMF
were replaced with a greener solvent, 2-MeTHF. The reaction was carried out at 1 MPa of CO
pressure and 80°C for 20 h, by using a substrate LIV,/Pd molar ratio 180/1: conversion was almost
complete (99%) and aldehyde LVIII, was the only reaction product. Noteworthy, at these reaction
conditions and by using safer reagents respect to those used in runs 1 and 2, substrate
dehalogenation did not occur, being L, never detected in the reaction mixture. After distillation,
pure 5-isopropylthiophen-2-carbaldheyde (LVIII,;) was recovered as transparent liquid.

However, this process had the drawback of using the homogeneous catalyst Pd(PPhs); so its
recovery was practically impossible. To overcome this problem, the study of the reaction by using
easily recoverable and recyclable catalysts such as heterogeneous ones or water soluble catalytic
systems operating in an aqueous biphasic environment was carried out.

As concerning to biphasic aqueous systems, the interest was focused on the biogenerated catalyst
activated 1.7 % (Pd-EPS)aeron. In a first approach, the carbonylation reaction on 2-iodo-5-

ethylthiophene (LIV}y) was studied.
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S
/U| CO, H-donor /UCHO + /b /DCOOH
Pd-EPS %

LIVy LVIII, LIXp

Scheme 3.9.18. Carbonylation of LIV,

Initially the reaction was carried out with 3.5 MPa of H, and 3.5 MPa of CO at 80°C for 24 h, with
sodium carbonate as base and with a substrate LIV,/Pd molar ratio = 50/1, only 2-ethylthiophene
(Lp), deriving from the substrate dahalogenation, was formed (run 1). Also operating with a lower
amount of catalyst (LIV,/Pd molar ratio = 100/1) and lower pressure (3 MPa of CO and 20 MPa of
H,) the desired aldehyde LVIIl, was not obtained; however, it was found the formation of 5-
ethylthiophene-2-carboxylic acid (LIXp) (22% vyield). The acid formation is probably due to the
competitive reaction with water. Working in the absence of hydrogen, a quantitative conversion of
2-iodo-5-ethylthiophene (LIV}) into 5-ethylthiophene-2-carboxylic acid (LIXp) was found. Another
test, always in the presence of syngas, was carried out using quinine as base. Operating in this
way, a further conversion decrease was detected, but besides 2-ethylthiophene (Lp) (27 %) and 5-
ethylthiophene-2-carboxylic acid (LIXp) (18 %) the formation of the desired aldehyde (LVIIly) (23 %)

was observed (run 3, Table 3.9.9).

Table 3.9.9. Carbonylation of LIV, catalyzed by activated 1.7% (Pd-EPS)aerob

p(CO) p(H2)

VPa  MPa Base Conv. LIV, (%) LVIIIL (%) Ly (%) LIXp (%)
1° 3.5 3.5  Na,CO; 99 - 99 -
2° 3 2 Na,COs; 85 - 63 22
ERE 3 2 Quinine 68 23 27 18
4° 5 - Na,CO; 99 - - 99

? Reaction conditions: substrate LIV, = 0.024 g (0,1 mmol); activated Pd-EPS 1.7 % = 0.010 g
(LIVp/Pd molar ratio = 50/1; Na,CO3z = 0.021 g (base/LIV, molar ratio 2/1); H,0 = 2 mL; THF = 2 mL;
T =80°C; t = 24 h. b scame conditions of test 1 but the LIV,/cat molar ratio is 100/1 (0.005 g of
activated Pd-EPS) and the base/LIV, molar ratio was 2/1 (0.005 g of Na,COs). “same condition of

test 2, but 0.016 g of quinine (base/LIV, molar ratio 2/1) was used instead of Na,COs.

In order to improve the aldehyde yield, some carbonylations were carried out by using H-donors

instead of hydrogen and the results are reported in Table 3.9.10.
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Table 3.9.10. Carbonylation of (LIV}) catalyzed by activated (1.7% Pd-EPS)aeron by using H-donor
(PMHS and TES)

Conv. LIV, (%) LVIII, (%) LIX, (%)
1° 80 5 Na,CO; 84 31 53 -
2° 80 5 Na,CO; 93 68 5 20
3 80 5 Na,CO; 99 88 3 8
4 80 5 Na,CO; 99 82 - 17
554 80 5 Na,CO; 98 85 Traces 13
6°° 80 5 Na,CO; 55 42 13
7° 80 5 Quinine 99 93 2 5
8 80 5 Quinine 99 81 9 9
9°f 80 5 Quinine 61 16 22 23
10° 80 5 Na,CO; 97 76 17 4
118" 80 5 Na,CO; 99 85 6 8
128" 80 5 Na,CO; 98 67 23 8
138" 80 5 Na,CO; 22 21 1 Traces
14' 60 5 Na,CO; 89 82 7 Traces
15" 60 5 Na,CO; 77 64 Traces 13
16" 60 5 Quinine 67 67 Traces
17" 60 5 Quinine 45 43 2
18™ 60 1 Na,CO; 75 69 6
19" 60 1 Quinine 50 48 2 —
20° 60 5 TMEDA 92 75 17

® Reaction conditions: substrate LIV, = 0.024 g (0,1 mmol); PMHS = 0.042 mL; activated Pd-EPS 1.7 % =
0.005 g (LIV,/Pd molar ratio = 100/1); Na,CO; = 0.021 g (base/LIV, molar ratio 2/1); H,0 =2 mL; THF =2 mL;
p(CO) =5 Mpa, T = 80°C; t = 24 h; ®0.116 g (0.1 mmol) of TES as H-donor was used; “same condition of run
1, but the LIVy/base molar ratio is 2/1 (0.005 g of Na,CO;) and H-donor was 0.116 g (0.1 mmol) of TES;
recycling of run 3; ® same conditions of run 1, but H-donor is 0.116 g (0.1 mmol) of TES and Quinine is used
as base (LIV,/base molar ratio 2/1; 0.016 g); ef recycling of run 7; & substrate LIV, = 0.115 g (0.5 mmol); TES
= 0.58 g (0.5 mmol); activated Pd-EPS = 0,005 g (Sub (LIV},)/Pd molar ratio = 500/1); Na,CO; = 0.027 g
(base/LIV, molar ratio 1/2); H,0 = 2 mL; THF = 2 mL; p(CO) =5 MPa; T = 80°C; t = 24 h; gh recycling of run
10; ' substrate LIV, = 0.024 g (0,1 mmol); TES = 0.116 g (0.1 mmol); activated Pd-EPS = 0.005 g (LIV,/Pd
molar ratio = 100/1), Na,CO; = 0.005 g (base/LIV, molar ratio 1/2); H,O = 2 mL; THF = 2 mL; p(CO) = 5 MPa,
T=60°C;t=24h;" recycling of run 14; ¥ substrate LIV, = 0.024 g (0,1 mmol); TES = 0.116 g (0.1 mmol);
activated Pd-EPS = 0.005 g (LIV,/Pd molar ratio = 100/1); quinine = 0.016 g (base/LIV, molar ratio 1/2); H,0
=2 mL; THF =2 mL; p(CO) =5 MPa; T=60°C; t = 24 h; kil recycling of run 16; " same conditions of run 14, but
the p(CO) = 1 MPa; " same conditions of run 16 but the p (CO)= 1 MPa; °same conditions of run 14, but
TMEDA as base was used (0.003 g, base/LIV, molar ratio 1/2, d = 0.78 g/mL.
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When PMHS was used (run 1, Table 3.9.10), a high substrate LIV}, conversion was observed (84 %),
however the main product was L. So, in order to improve the reaction selectivity, TES was tested
to better control of hydride amount.

The reaction was carried out at the conditions reported in Table 3.9.10; 93 % conversion was
observed, but only 68 % LVIII, formed (run 2); moreover, a relevant formation of acid LIXp (20 %)
was detected. Reducing the quantity of catalyst (LIVp/cat molar ratio 500/1) and using an
equivalent amount of base respect to substrate LIV,, it was possible obtain an almost complete
substrate LIV}, conversion (99%) with 88 % of formation of the desired aldehyde LVIIl, (run 3). In
this case the aqueous catalytic phase was recovered and recycled. Fresh Na,COs; was added for
each recycling and high activity was observed for the first and second recycling experiment (runs 4
and 5) but in third test an activity loss was detected. This fact could be explained by supposing
accidental losses of the catalyst, even if in very small extents, during the recycles of the catalytic
phase, by poisoning due to the presence of an excess of base or by a possible partial oxidation of
palladium. Using quinine rather than Na,COs in equivalent amount with respect to Lb, it was
observed a 99 % conversion and an increase of selectivity towards LVIIl, (93 %) (run 7, Table
3.9.10). Also in this case, due to the high activity of activated 1.7 % (Pd-EPS)acrob , the catalyst was
recycled. In the first recycling experiment the activity of the catalyst was maintained but the
selectivity was a little decreased (run 8, Table 3.9.10); when the catalyst was recycled for the
second time conversion was only 61 % with 16 % of the desired aldehyde LVIIl,.

At the light of the high activity of this catalyst, the substrate Lp/catalyst molar ratio was increase
up to 500/1: operating under the conditions reported in Table 3.9.10 a high conversion of 2-ethyl-
5-iodothiophene (LIV},) was obtained but the formation of the desired aldehyde LVIII, decreased
(run 10, table 3.9.10). However, it was possible to recycle the catalyst three times and only in the
third recycling experiment a decrease of activity was detected (run 12, Table 3.9.10).

In order to improve the conversion into the desired product LVIII,, the reaction was also carried
out at 60°C, 5 MPa of CO using TES as H-donor and quinine or sodium carbonate as base (runs 13
and 16, Table 3.9.10). In both experiments, the substrate conversion decreased but the amount of
5-ethylthiophen-2-carbaldheyde (LVIll,) was enhanced (runs 14 and 16, Table 3.9.10).
Unfortunately, the catalytic activity progressively decreased with the catalyst recycling (runs 15
and 17, Table 3.9.10). When tetramethylethylenediamine (TMEDA) was used as base instead of
quinine, working always at 60°C and 5 MPa of CO, a higher conversion was detected but the

selectivity toward aldehyde LVIII, decreased, being L, formed with 17% vyield.
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The carbonylation of 2-iodo-5-ethylthiophene (LIV,) was also carried with homemade catalyst 0.28
% Pd/Al,O3 in the absence of any phosphine. Preliminary results, obtained by working at the
conditions reported in experimental part, were very promising; in fact, 68 % of substrate
conversion and complete selectivity toward the desired aldehyde LVIIl, were obtained.
Carbonylation was also studied by using bromo LV,, or chloro LVI, derivatives as substrate in order
to improve the economy of the process. Following the procedure reported in the literature’?,
complete conversion of substrate LV, and high selectivity toward the desired aldehyde LVIII, (87
%) was found. It is important to remark that, in this case, homogeneous conditions were used by
using Pd(OAc),, DABP (diadamanthylbutylphosphine) as ligand and TMEDA as base. Furthermore,
it was necessary to adopt a substrate/catalyst molar ratio 4/1 instead of 40/1 as reported in
literature for similar compounds. As a matter of fact, when 40/1 molar ratio was used, reaction did
not occur. This result can be considered a good starting point for the development of
carbonylation on cheaper substrates such as bromo-derivatives.

Unfortunately, when the reaction was carried out on 2-chloro compound LVI, with different

catalysts system and variety of reaction conditions, no desired target was found.

3.9.6 Synthesis of 3-(5-isopropylthiophen-2-yl)-2-methylacrylaldehyde (LX)

S

S
| )—CHO, . -CHO
q NaOH |
LVIII ©
a LX,

Scheme 3.9.19. Synthesis of LX,

The reaction was performed at 60°C for 3 h, and conversion into desired compounds LX, was 80 %;

after work-up yield was 65%.

131



3.9.7 Hydrogenation of 3-(5-isopropylthiophen-2-yl)-2-methylacrylaldehyde (LX,) catalyzed by
Pd-EPS species

S Ha S
CHO
Cat. Y/
LXa LXIa LXII,

Scheme 3.9.20 Hydrogenation of 3-(5-isopropylthiophen-2-yl)-2-methylacrylaldehyde (LX,)

The hydrogenation reaction was carried out in the presence of (1.7% Pd-EPS).er0n and the results

are reported in Table 3.9.11.

Table 3.9.11. Hydrogenation of 3-(5-isopropylthiophen-2-yl)-2-methylacrylaldehyde (LX,)
catalyzed by 1.7% Pd-EPS

Run Conv. LX; (%) LXl5 (%) LXI11, (%)
1 53 53
2° 25 25
3° 73 72 1
4*° 39 38 1

Substrate LX, = 0.100 g (1.96 mmoli); 1.7 % Pd-EPS = 0.012 g (LX,/Pd molar ratio 1000/1); H,0 = 4
mL; THF =4 mL; p(H;) =4 MPa; T =50°C; t = 22h.
%: experiment carried out by using the catalytic phase recovered from the previous run.

®. |X,/Pd = 500/1 (molar ratio)

Working at 50°C and 4 MPa of H, for 22h conversion was not very high but selectivity to the
desired saturated aldehyde LXI, was complete using a LX,/Pd molar ratio 500/1 (runs 3 and 4) or
1000/1 (runs 1 and 2, Table 3.9.11). These results demonstrated that the catalyst is very high
selective toward the carbon-carbon double bond hydrogenation; however, it was observed a
deactivation of the catalyst in recycling experiments. As a matter of fact, when the reaction was
carried out by using the catalyst recovered from runs 1 and 3, respectively, conversion was

strongly decreased but selectivity remained very high (runs 2 and 4, Table 3.9.11).
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3.9.8 Synthesis of olefin intermediates: 2-isopropyl-5-(prop-1-enyl)thiophene (LXIV,), 2-ethyl-5-
(prop-1-enyl)thiophene (LXIV}), 2-allyl-5-isopropylthiophene (LX;) and 2-allyl-5-ethylthiophene
(LXV),) by cross-coupling reaction

Another potential way to obtain Lioral™ (LXI.) and “pseudoLioral” (LXly), where alkyl group is ethyl
instead of i.propyl, is represented by the hydroformylation of suitable olefin precursors (Scheme

3.9.21):

X
y U
b P
LV, va d R
/

LXIVa, LXIVy LXV,; LXV,

Co ), O\Y\
\ ) A

RS CHO
WY

LXI,; LXIj,

Scheme 3.9.21 Other possible synthetic pathway to obtain Lioral™ (LXI,) and similar structure

compounds

However, at the moment, only LXIV, and LXV}, were synthetized, in order to obtain a suitable
model, in larger amount, to study the following hydroformylation reaction with homemade Rh-
based catalysts. The analogous derivatives, where i.propyl group was present, had been already

1
prepared in smaller scale™®®.
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Compounds LXIV}, and LXV), were obtained by adopting the procedure reported in the literature

for similar substrates™*:

W' = S_mg =B S,
/ | / cat | Y

LIVy LXIIIy, LXIVy,

Scheme 3.9.22. Synthesis of 2-ethyl-5-(prop-1-enyl)thiophene (LXIV},)

The reaction between Grignard reagent and 1-bromoprop-1-ene [(E)/(Z) mixture] was carried out
in dry diethyl ether at reflux temperature using Pd(PPhs), as catalyst. After 2 hours conversion was
complete: 92 % of the desired olefin LXIV}, [(E)/(Z) mixture], 2 % of 2-ethylthiophene (L) and 6 %
of high boiling point by-products were found in the reaction mixture. After work-up and distillation
at 1 Pa and 85°C, LXIV}, was obtained in 63 % vyield.

The same procedure was applied to obtain 2-allyl-5-ethylthiophene LXV,, always using Pd(PPhs),

as catalyst:

/ | / cat g | /

LIVp LXIIl, LXV},

Scheme 3.9.23. Synthesis of 2-allyl-5-ethylthiophene (LXV),)

The reaction gave good results: conversion was 90 % and the yield of the desired olefin LXV, was
70 %; disappointingly also 20 % of by-products were formed including of LXV}, position isomer (3-8
%). After work-up, the desired product LXV}, was obtained by distillation at 1 Pa and 89°C (yield 65
%).

3.9.9 Synthesis of 3-(5-ethylthiophen-2-il)-2-methylpropanal (LXVI,) (and isomeric aldehydes)

The hydroformylation reaction was investigated using the homemade Rh catalysts (1.2% Rh-EPS
and 0.18% Rh/Al,03) and, for comparison, with two well-known rhodium catalysts (HRh(CO)(PPhs);
and Rh(CO),(acac)/TPPTS) on both isomeric olefins (LXIV, and LXV,,) to verify how the position of

the double bond could affect the yield of the desired product and the isomeric distribution.
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Initially the reaction was carried out by using olefin LXIV},.

S S s, (™ S CHO
T e T s TN U T
Rh Y/

LXIVy LXVly LXVIly LXIp cHO LXVIIy

Scheme 3.9.24. Hydroformylation of LXIV},

Table 3.9.12. Hydroformylation LXIV}, the presence of rhodium catalysts

Sub/cat Conv.

LXVIy LXVIl, Xy LXVIIIy

e B
1° Rh-EPS 1.2% 500 49 6 21 22 Traces
2b< Rh-EPS 1.2 % 500 45 3 20 19 3
3be Rh-EPS 1.2 % 500 14 1 6 6 1
4? Rh-EPS 1.2 % 100 60 6 22 28 4
5¢ Rh/Al,050.18 % 500
6° Rh/Al,05 0.18 % 100 79 6 47 26
7' HRh(CO)(PPhs)s 1000 94 6 71 17
gt Rh(CO),(acac)/TPPTS 1000 27 1 15 11

Reaction condition: ® substrate LXIV, = 0.110 g (0.73 mmol); 1.2 % Rh-EPS = 0.063 g; H,0 = 2 mL;
toluene = 2 mL; p(CO)=p(H,)=3 MPa, T=60°C, t =20 h; b substrate LXIV, = 0.11 g (0.73 mmol); 1.2
% Rh-EPS = 0.013 g; H,0 = 2 mL; toluene = 2 mL; p(CO)=p(H,)=4 MPa, T = 100°C, t = 20 h; “run
carried out with recovered catalyst from run 3; 9 substrate LXIV, = 0.013 g (0.087 mmol); 0.18 %
Rh/Al,03 = 0.01 g; toluene = 10 mL; p(CO)=p(H,)=4 MPa; T = 80°C, t = 20 h; © substrate LXIV,, =
0.013 g (0.087 mmol); 0.18 % Rh/Al,03 = 0.05 g; toluene = 10 mL; p(CO)=p(H;)=4 MPa; T =80°C, t =
20 h; " substrate LXIV, = 0.195 g (1.3 mmol); HRh(CO)(PPh3); = 1.2 mg; toluene = 2 mlL;
p(CO)=p(H,)=3.5 MPa; T = 80°C, t = 24 h; & substrate LXIV,, = 0.195 g (1.3 mmol); HRh(CO)(PPhs); =
1.2 mg; TPPTS = 4.4 mg (cat/TPPTS molar ratio 1/6); toluene = 2 mL; H,O = 2 mL; p(CO)=p(H,)=3.5
MPa; T=80°C; t =24 h.

The reaction was carried out at 8 MPa of syngas and 100°C for 20h, by using 1.2% Rh-EPS with a
substrate LXIV,/Rh molar ratio 500/1: conversion was 49 % but the yield of pseudo-Lioral LXI, was
only 22%, being an equimolar mixture of aldehydes LXI, and LXVIl, formed. Moreover, also 3% of
the terminal aldehyde LXVIII, was found (run 1, Table 3.9.12), probably due to the capability of the

catalyst to isomerize the internal double bond to the terminal position.
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The aqueous catalytic phase maintained its activity in the first recycling experiment (run 2, Table
3.9.12) but when the catalyst was used in a second recycle the activity strongly decreased (run 3,
Table 3.9.12). It is possible to suppose that sulfur, close to the C=C double bond, can strongly
interact with rhodium and, as a consequence, partially deactivate the catalyst. In order to increase
the conversion a substrate LXIV,/Rh molar ratio 100/1 was used but no more than 60% conversion
was obtained and the yield of pseudoLioral LXI, was only 28% (run 4, Table 3.9.12). When 0.18 %
Rh/Al,03 was used, it was observed that working with a 500/1 substrate LXIV,/catalyst molar ratio
the reaction did not occur (run 5, Table 3.9.12). Operating at the same conditions but reducing the
substrate LXIVp/catalyst molar ratio to 100/1, 79 % conversion was obtained (run 6, Table 3.9.12).
In this case, a large amount of aldehyde LXVIl, was formed, probably due to the lower steric
hindrance of the catalytic system with respect to 1.2 % Rh-EPS. Working with homogeneous
catalyst as Wilkinson hydride (run 7, Table 3.9.12) it was possible to carry out the reaction with a
substrate LXIV,/molar ratio 1000/1 at 80°C and 7 MPa of syngas. Conversion was very high (94%)
but the regioselectivity towards pseudolioral LXI, was very low. In fact the main product was a-
aldehyde LXVIIl, and the obtained ratio between a and B aldehyde is approximately 4. This fact
could be explained by the favorite attack on the a-carbon respect to thiophene ring that allows to

obtain an intermediate stabilized by resonance (Scheme 3.9.25):

R_ _g R s
a S
R S
T
"Rh—
O\

Scheme 3.9.25

The reaction was carried out also in an aqueous biphasic system in the presence of Rh(CO),(acac)
modified with the water soluble phosphine TPPTS. This catalyst showed a low activity (27%
conversion) and, analogously to what observed with 1.2 % Rh-EPS, the ratio between a-aldehyde

(LXVIl,) and B-aldehyde (LXI,) was almost 1:1 (run 8, Table 3.9.12).
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The hydroformylation was also studied on olefin LXV}, and the results are reported in the follow

Table 3.9.13.

s s CHO
| /H’COARS)/\/ Al)/\/ s S CcHO
L R VA N L

LX) CHO
LXIVp LXVIp LXVIl, LXIb XVl

Scheme 3.9.26. Hydroformylation of LXV,, in the presence of rhodium catalysts

Table 3.9.13. Results obtained by hydroformylation of LXV,

Conv. LXIV} LXVIp LXVII, X, LXVII,

LXV; (%) (%) (%) (%) (%) (%)
1° Rh-EPS 1.2 % 99 15 3 35 46
220 Rh-EPS 1.2 % 99 10 2 40 47
3%k Rh-EPS 1.2 % 99 17 36 46
4°° Rh-EPS 1.2 % 99 20 1 33 45
5b Rh-EPS 1.2 % 99 21 1 32 45
6° Rh/Al,0; 0.18 % 99 5 1 3 44 46
7¢ HRh(CO)(PPhs)s 99 4 42 53
8° Rh(CO),(acac)/TPPTS 94 6 6 6 35 41
9°f  Rh(CO),(acac)/TPPTS 61 8 8 1 20 24

Reaction condition: ® substrate LXV}, = 0.110 g (0.73 mmol); 1.2 % Rh-EPS = 0.013 g (LXV}/cat molar
ratio 500/1); toluene = 2 mL; H,0 = 2 mL; p(CO)=p(H;)=4 MPa; T = 100°C, t = 20 h; ® run carried out
with recovered catalyst from run 1; “ substrate (LXVp) = 0.013 g (0.087 mmol); 0.18 % Rh/Al,03 =
0.01 g (LXVp/cat molar ratio 500/1); toluene = 10 mL; p(CO)=p(H;)=4 MPa, T = 100°C, t = 20 h; d
substrate LXV, = 0.195 g (1.3 mmol); HRh(CO)(PPhs); = 1.2 mg(LXVp/cat molar ratio 1000/1),
p(CO)=p(H,)=3.5 MPa; TPPTS = 4.4 mg (cat/TPPTS molar ratio 1/6); toluene = 2 mL; H,0 = 2 mL;

p(CO)=p(H,)=3.5 MPa, T=80°C,t =24 h, "run carried out with recover catalyst from run 8.

1.2% Rh-EPS confirmed to be active in the hydroformylation reaction and its activity was
maintained in four recycling experiments (run 1-5, Table 3.9.13). As it was to be expected the
formation of the terminal aldehyde was favored due to the lower steric hindrance of the terminal
position of the double bond. Very similar activity was shown also by 0.18 % Rh/Al,O3; and a lower
amount of hydrogenated product was formed (run 6, Table 3.9.13). The use of both
HRh(CO)(PPhs); and the water soluble Rh(CO),(acac)/TPPTS did not improve the selectivity
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towards the desired pseudolioral LXI, being the terminal aldehyde C the prevailing reaction
product (run 7-9, Table 3.9.13).

In conclusion, the use of the heterogeneous catalyst as Rh/Al,03; seems to be a good alternative to
the use of homogeneous catalysts. In fact the results obtained in the hydroformylation of the
terminal olefin LXV, are competitive with those obtained by using homogeneous catalysts. The
substrate LXVp/cat molar ratio is higher than when Wilkinson hydride was used, but the
heterogeneous catalyst is easy to recover and to recycle. For this reason, in the future, it will be
important to study the activity of this catalyst in recycling experiments. As regarding to Rh-EPS,
the best results were obtained when the terminal olefin was used. In this case, the catalyst was
recycled four times and the conversion in all recycling tests was quantitative. Also the selectivity
remained practically unchanged during all tests. This is probably explained by the high stability of

the catalyst which has no tendency to migrate into the organic phase.
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3.10 Synthesis of Helional™ (LXIX)

Helional™ (LXIX) is a fragrance used in both feminine and masculine perfumes, shampoos, soaps
etc. and presents a green, floral (cyclamen) odor profile with top notes of marine fresh, ozone and
new mown hay.

This fragrance is sold at 18-20 $/Kg, and the worldwide production is 400t/year. The main
manufacturers are IFF Inc., Givaudan SA, Ube Inc., Takasago Inc., Agan LTD. It is sold as a racemic
product even though it was found that the (S)-enantiomer has a threshold of perceptibility much
lower of the (R)-enantiomer (0.64 ng / Lvs 3.43 ng / L)*".

The (S)-enantiomer presents a floral aroma, with a hint of freshness from sea water and ozone,
particularly appreciated, as well as the sweet taste of caraway, while the (R)-enantiomer presents
the notes of lily of the valley, lemon and an aldehydic character’?.

Starting from benzo[d][1,3]dioxole (LXX), it is possible to obtain the desired product LXIX by the

following synthetic scheme:

o}
o o ' o CHO o CHO
S ST — ST
o} o} o} o}
LXX

LXXI LXXI LXIX

Scheme 3.10.1 Synthesis of Helional™ (LXIX)

It is worth noting that in addition to the desired product LXIX, another important molecule as
benzo[d][1,3]dioxole-5-carbaldehyde (LXXI), better known as piperonal or heliotropine, is
obtained. It has a floral odor commonly described as being similar to that of vanillin and cherry
and for this reason it is used as flavoring. However, it is also an important intermediate for the

synthesis of some medicines and drugs.
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Figure 3.10.1. Piperonal (LXXI) is an intermediate for the synthesis of Tadalifil™ and MDMA
3.10.1 Synthesis of piperonal (LXXI)

The synthesis of piperonal (LXXI) was carried out by using two different approaches. In the first
one, LXXI was synthetized by Vilsmeier reaction, while in the second one, LXX was initially

halogenated and subsequently carbonylated (Scheme 3.10.2):
.
O
/ LXX &Br, |
CHO @) X
<O:©/ { :©/ X= I LXXII
o o) Br = LXXIV

LXXI l

eOl
O
LXXI

Scheme 3.10.2 Different pathways to synthesize Piperonal (LXXI)
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3.10.1.1 Synthesis of piperonal (LXXI) by Vilsmeier reaction

N, 7
0 N o CHO
{ j@ . © + POCl — ( j@/
O @)
LXX

LXXI

Scheme 3.10.3 Synthesis of piperonal (LXXI) by Vilsmeier reaction

The synthesis of piperonal (LXXI) was performed by adopting the procedure described in literature
for similar compoundm.The reaction was carried out between LXX and N,N-dimethylformanilide

in POCIls3 at 90°C but after 24 h only 32 % conversion into the desired product LXXI was obtained.
3.10.1.2 Synthesis of piperonal (LXXI) by carbonylation reaction

At the light of the good results previously obtain

ed in the carbonylation of hetero-aromatic halo-compounds, it was decided to synthesize LXXI by
reductive carbonylation of 2-I- or 2-Br-benzodioxole (LXXIIl and LXXIV).

Benzo[d][1,3]dioxole (LXX) was brominated or iodinated by adopting the procedure described in
the experimental part.

The bromination was carried out by using the HBr/H,0, brominating system. After 24 h,
conversion into the desired compound LXXIV was 90%, and after distillation under vacuum the
pure product was obtained with 80 % yield. lodination was carried out by using NalOs/I, system,
and after 3 h conversion was 92 % into desired compound LXXIII. After distillation under vacuum,

the pure product LXXIIl was obtained in 81 % vyield.

<1
0
HBr/HZ% LXX wlogﬂ2
|
1Ly 1T
e (0]
LXXIV LXXIII

Scheme 3.10.4 Halogenation of Benzo[d][1,3]dioxole (LXX)
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The halo derivatives were carbonylated in the presence of homogeneous catalysts. The bromo-
derivative LXXIV was converted into LXXI by Pd(OAc),/diadamantil butyl phosphine with a
substrate LXXIV/catalyst molar ratio 4/1 at 1 MPa of syngas (CO/H,=1) and 100°C. After 24 h,
completely conversion into LXXI was found. 5-lodobenzodioxole (LXXIIl) was carbonylated by
using Pd(PPhs); with a substrate LXXIll/catalyst molar ratio 180/1 by adopting the procedure
reported in experimental part. After 24 h at 1 MPa of CO and 80°C in presence of PMHS as H-
donor 66 % conversion in LXXI was detected and after distillation under vacuum, the pure desired

compound LXXI was obtained in 53 % yield.
3.10.2 Synthesis of (E)-3-(benzo[d][1,3]dioxol-6-yl)-2-methylacrylaldehyde (LXXII)

The synthesis of (E)-3-(benzo[d][1,3]dioxol-6-yl)-2-methylacrylaldehyde (LXXII) was performed by

adopting the procedure reported in experimental part (paragraph 5.15.8.6):

o) CHO o) CHO
CA T+ T CA T
o) o NaOH o)

LXXI LXXIl

Scheme 3.10.5 Synthesis of (E)-3-(benzo[d][1,3]dioxol-6-yl)-2-methylacrylaldehyde (LXXII)

The reaction between LXXI and propanal was carried out at 60°C for 3 h. The conversion into the
desired compound LXXIl was 71 % and after purification by flash chromatography (n-
hexane/diethyl ether 8/2), LXXIl was obtained in 58 % vyield.

3.10.3 Hydrogenation of (E)-3-(benzo[d][1,3]dioxol-6-yl)-2-methylacrylaldehyde (LXXII)

(E)-3-(benzo[d][1,3]dioxol-6-yl)-2-methylacrylaldehyde (LXXII) was hydrogenated in the presence

of homemade palladium catalysts to obtain Helional ™ (LXIX):

OH

ST — ST j@AH

LXXI LXIX LXXV

Scheme 3.10.6 Hydrogenation of (LXXII)
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The unsaturated substrate LXXIl was initially hydrogenated in an aqueous biphasic system by using

1.7 % Pd-EPS or activated 1.7 % Pd-EPS as catalyst at 50°C and 2 MPa of H;:

Table 3.10.1. Hydrogenation of LXXII catalyzed by 1.7 % Pd-EPS and activated 1.7 % Pd-EPS
p(H,)  Conv. (LXXII)

Run Cat MPa (%) LXIX (%) LXXV (%)
1° 1.7 % Pd-EPS 2 52 52 -

2 Recycle 2 32 32 -

3° 1.7 % Pd-EPS 4 83 83 -

4 Recycle 4 54 54 -

5° Activated 1.7 % Pd-EPS 2 81 81 -

6 Recycle 2 61 61 -

Reaction conditions: substrate LXXII = 0.372 g (0,00196 mol); 1.7 % Pd-EPS = 0.012 g (substrate
LXXIl/catalyst molar ratio 1000/1); THF =4 mL; H,O =4 mL,; T =50°C; t = 22h.

Both 1.7 % Pd-EPS that activated 1.7 % Pd-EPS showed to be very selective towards C=C double
bonds, however, conversion was not high (run 1 table 3.10.1) and it was necessary to increase
hydrogen pressure from 2 MPa to 4 MPa to obtain about 80% conversion (run 3 and 5).
Disappointingly, both catalysts showed a decreased activity in recycling experiments (run 2, 4, 6,
table 3.10.1): these results were rather surprising especially with respect to the results obtained in
the hydrogenation of the structurally correlated cinnamaldehyde (paragraph 3.8). It is possible to
hypothesize or a poisoning of the catalyst or an accidental loss of the catalytic system, even if in a
very small amount, during the separation of phase.

As the polysaccharidic matrix, in which palladium is embedded, presents some chiral centers, the

I™ (LXIX) were investigated. The mixture

possibility to obtain enantiomerically enriched Heliona
recovered from the experiment carried out by using 1.7 % (Pd-EPS).erob and activatated-1.7 % (Pd-
EPS)aerop Was treated by NaBH,4 to reduce the aldehyde to the corresponding alcohol. Than the
mixture was analysed by chiral HPLC equipped with a CHIRACEL OD (250 x 10 um 4.6 mm) column
and using a n-hexane/propanol (97/3) mixture as mobile phase. Unfortunately, in both cases, a
racemic mixture of LXXV was found. It is interesting to note that in literature*’* the direct analysis
of aldehyde LXIX under the same conditions is described. However, when the standard racemic

mixture of LXIX was analyzed, no separation was detected. For this reason, the reduction of

aldehyde LXIX into alcohol LXXV was made.
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3.11. Reduction of a carboxylic group to an aldehyde: an enzymatic approach

As already reported, there are various methods to obtain aldehydes (hydroformylation,
carbonylation) and one of them is the reduction of carboxylic acid that they are widely available
substrate and they are precursor to obtain chemicals for the pharmaceutical, agricultural and food

industries:

Scheme 3.11.1. Reduction of generic carboxylic acid into aldehyde
However, the direct synthesis is particularly difficult because this pathway could involve toxic or
dangerous reagents and drastic conditions. For instance, an aldehyde can be directly obtained by
acid reduction by working with lithium in ethylamine or using LiAlH; and DIBALH at very low
temperature, but generally the yield may be low because the aldehyde may be easily reduced to
the corresponding alcohol during this reaction™’. For this reason, in order to obtain high
selectivity and yield, to reduce the acids to alcohols and oxidize them to aldehydes or to transform
the carboxylic acid into a derivative then it is treated in different manner, is preferred such as

summarized in the following Table 3.11.1%°.
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Table 3.11.1: Different methods to obtain aldehydes from acid derivatives or alcohols

Synthesis of aldehydes from carboxylic acid derivates

O 1 (0] 2 (|3
RJ\OH R)J\X R)

1 X 2 Reaction
-SOCl, -Cl Pd on BaSO./H, Rosenmund
-s0Cl, -Cl LiAIH(OtBu)s

-NR; LiAlH,4
-S0Cl, -Cl a)PhNH,/b)PCls/c)SnCl, Sonn-Mdller*
OR 2)N,Ha/b)PhSO,Cl/c)Na;COs MCSFfeyvdeen';f”d
-CN a)HCl/b)SnCl,-HCl/c)H,0 Stephen*
Synthesis of aldehydes from alcohol
I
R R)
R 1 Name of reaction
K2Cr,07-H,S04
Cl,
(C0),Cl,/DMSO Swern
Primary aliphatic alcohol Dicyclohexylcarbodiimide
0,/Ag
-Hy/Ag
NaClO-KBr/TEMPO; I,/TEMPO
Benzyl alcohol NZO_4 Field
Zeolite Oppenauer

"The methods involves multiple step and various intermediates obtained by transformation of

RCOX.

As can be seen these methods are tedious and sometimes involve many steps with different
derivatives (e.g. Sonn-Miiller, McFayden and Stevens, Stephen reactions) and sometimes involved
unsafety reagent such as derivatives of Cr, Cl, etc and drastic conditions. Furthermore a lot of
wastes are produced. It is clear that finding a technology that allows to obtain selectively
aldehydes from acids in a simple way and without the use of special reagents could have positive
environmental repercussions and be economically advantageous. Among the various possibilities,
a biocatalysed synthesis would be advantageous for various reasons such as the possibility to
perform the reaction in aqueous medium under mild conditions obtaining high selectivity to the
desired aldehyde. Recently, the use of carboxyreductase enzymes is reported as high selective

method to obtain aldehydes from carboxylic acid®”*>1%177 ynder milder conditions. However it is
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also important to note that these enzymes are not commercially available and expensive NADPH
cofactor is used as H-donor and should be recycled. Nowadays, these two facts are limiting the
spread of this technology of producing aldehydes that could allow environmental benefits.

Furthermore, it must be considered that in certain industrial sectors such as for example the
production of aromas and fragrances, the synthesis of a product starting from natural source and
using bio-catalysis rather than chemo-catalysis lead to target labeled as natural, but in a cheaper
way then the corresponding product obtained by extraction, and highly preferred by the consumer

as reported in the Table 3.11.2%%,

Table 3.11.2. Comparison between products obtained by extraction natural, bio-catalysis and

chemo-catalysis'’®

Natural flavors Similar natural flavors/synthetic flavors
Features Bio-
Extraction 10 . Bio-catalysis Chemo-catalysis
catalysis
Origin of th
rigin o .e Natural Natural Synthetic Synthetic
raw material
Avallabllltyhof Poor Me@um— High High
raw material high
Sterfa? - High High Medium
selectivity
Environmental  Medium- . i .
compatibility high High High Medium
Price Very high High Medium-high Low
Consumer Very high High Medium Poor
preference

3.11.1 Use of Carboxyreductase (CAR)

The characteristics of enzymes such as substrate selectivity and often very high activity and TOF
are well known, but the possibility to work under mild conditions, in water and without unsafe

reagents is equally important. Venkitasubramanian et al."’®'”’

reported that CAR from Nocardia
sp. NRRL 5646 catalyzed the reductive reaction of carboxylic acids. Good results for reduction of
many aromatic and aliphatic acids into the corresponding aldehydes were found, in particular
benzoic acid, ferulic acids and their analogous.

These authors also observed that the activity of the enzyme depends on the origin of the used

microorganism. In fact, for example, in this work it is reported that the relative activity of CAR
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from Nocardia sp. NRRL 5646, Nocardia asteroids JCM 3016 and Neurospora crassa is different.
Suitable substrates for this reaction here described However, the major problem to study this
reaction is that the carboxyreductase (CAR) enzymes are not commercial available. For this reason,
during this work of thesis a preliminary investigation for the preparation and the application of a
CAR enzyme was began, using Mycobacterium marinium as microorganism.

This type of CAR was very recently described in literature®” and in this work the possibility to
combine CAR enzyme and other enzymes such as aldehyde decarbonylase and aldehyde reductase
to obtain respectively fatty alkane or fatty alcohol from fatty acid is also described. Only aliphatic
acids were tested in this work.

Due to the interest of the research group where this thesis work was made for some aldehydic
flavors and fragrances containing an aromatic or heteroaromatic ring, the possibility to reduce

some carboxylic acids containing a phenyl ring into the corresponding aldehydes, using CAR

OH
n Enzyme B
O™ O™

n=0,2

enzyme, was verified:

Scheme 3.11.2. Structure of the examined substrates

In particular, 3-phenylpropanal (VI), which has a green, aldehydic, floral and melon odor, could be
an interesting future industrial target, qualified as natural fragrance, if this biocatalyzed synthetic
pathway would be applied to a natural 3-phenylpropanoic acid (XL).

In literature, the bio-reduction of (XL) acid was reported using whole cell of Pyrococcusfuriosus179
but 3-phenylpropan-1ol (VII) was obtained. On the contrary the preparation of this aldehyde VI
using CAR obtained from Micobacterium marinum was not previously described, even if some data

with different CAR was found in the literature®
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3.11.2 Production of CAR enzyme and catalytic cycle

The selected CAR enzyme was expressed into a host cell of Escherichia coli. A phosphopantetheinyl
transferase (PPTase) from Bacillus subtilis was co-expressed alongside CAR because it was earlier
found that PPTase is essential for maximum activity®’®
Phosphopantetheinyltransferase catalyzes the post-translational modifications of proteins by
covalently attaching the 4-phosphopantetheine moiety of CoA usually to a residue serine of an
apoprotein. The role of phosphopantetheinyltransferase has been well documented in fatty acid
and polyketide biosynthesis and in non-ribosomal peptide preparation'’®. PPTases SFP have been
classified according to their specificity for a given protein:

1. For acyl carrier proteins involved in fatty acid and polyketide biosynthesis.

2. For aryl-carrier proteins and peptide carrier proteins involved in non-ribosomal peptide

and siderophore biosynthesis.
3. A PPTase SFP that exist as an integrated domain of fatty-acid synthases
4. A subclass of PPTase that is related to the Bacillus subtilis PPTase SFP and shows higher

catalytic efficiencies with carrier protein involved in primary metabolism®”®
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Serine
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transferase )\/E
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© HOOOC

Residue of
Serine

Scheme 3.11.3. Transfer of a phosphopantetheine moiety from CoA to an acceptor apo-CAR. The

residue of Serine is maintained.
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In the reference'’® a possible catalytic cycle for the reduction of carboxylic acids into aldehydes is
described. In the first step, the carboxylic acid is adenylated into the adenylating domain in the
presence of ATP affording acyl-AMP. In the second step, a nucleophilic attack of the
phosphopantetheine thiol at the carbonyl group of acyl-AMP releases AMP and forms a covalently

Ill

bounded acyl thioester. In the third step, the acyl thioesterphosphopantetheinyl “arm” swings
from the adenylating domain to the reduction domain. Here, the thioester is reduced by NADPH,

so releasing the aldehyde, NADP®, and free enzyme ready for another cycle.
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Scheme 3.11.4. Ffunctioning of CAR enzyme
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3.11.3 Obtained results and discussion

As already reported, CAR enzyme was obtained by fermentation of a modified Escherichia coli
strain. Into this microorganism, two plasmids were inserted, one containing the information to
express CAR enzyme and the other being able to express phosphopantetheinyl transferase (from
here denominated SFP). Furthermore the plasmids had the resistance for ampicillin and
chloramphenicol. These two antibiotics would have been introduced during the fermentation so
permitting only to resistant cells to grow. At the end of fermentation, the OD (optical density) of
the culture was checked at 600 nm. The obtained value was 8.25. With this value according to the
protocol, the amount of required buffer to extract the enzyme from cells is determined by the
following formula:

(32.2 X OD of the culture)x(Volume (mL)of cells in aliquot)
(1000)

= Volume buffer needed in mL
The lysis buffer is composed by a 50 mM HEPES solution (pH=7.5), 2 % (v/v) n-Hexane and the final
concentration of PMSF (phenylmethanesulfonylfluoride) is 1 mM. PMSF is added to block the
activity of some proteases that could destroy CAR outside of the cell. N-Hexane is added to
facilitate removal the membrane phospholipids and favor the extraction of the enzyme. After
calculation, the needed total volume buffer was about 2.7 mL.

Cells lyses were made by using ultra-sounds equipment and the obtained cell free extract was

analyzed by SDS-PAGE (Sodium dodecyl sulfate—polyacrylamide gel electrophoresis):

160
110 3| CAR Enzyme
80
60
50
40
30 — SFP Enzyme
20
15 ‘ M: marker
- = E: Cell free
M E extract

Figure 3.11.1. Cell free extract (CFE) analysis by SDS-PAGE

150



The presence of the two enzymes was possible by comparison with the molecular weights
previously reported37.

To demonstrate that the observed activity of aldehyde production was dependent by enzyme CAR
and not by other enzymes the following two control experiments were performed.

In the first one, fermentation of Escherichia coli cells containing the plasmid vector encoding the
production of CAR, devoid of the gene sequence capable of producing such enzyme was carried
out. In the second test, fermentation of Escherichia coli cells containing both empty plasmids
vectors, normally enconding CAR and SFP enzymes, was performed.

The obtained cultures were treated in the same way previously described and in the Figure 3.11.2

the analysis is reported:

ﬁg > Absence of CAR Enzyme
80
60
50
40 SFP Enzyme is present only in 1
B > and 2 samples
M: Marker
20
15 1: Only SFP vector plasmid (CFE)
2 Only SFP vector plasmid (centrifuged
& 5 5 A pellets)
3: Test with both empty plasmid (CFE)
Figure 3.11.2. Analysis of CFE and cell pellets obta on of
4: Test with both empty plasmid
Escherichia coli culture (centrifuged pellet)

After centrifugation of sample, the compositions of CFE and cells presents as bottom pellets were
checked.

From the first control experiment, only SFP spot was detected in Cell free extract and centrifuged
pellets (line 1 and 2 of Figure 3.11.2) while from the second control experiment, no spot
corresponding to CAR o SFP enzymes in CFE or centrifuged pellets was found (line 3 and 4 of

Figure 3.11.2).
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The control of the enzyme activity was initially performed using sodium benzoate (LXXVI) instead

of benzoic acid which had been described as suitable for this reaction by adopting a precedent

well tested internal protocol*’:

o) o) OH
|
ONa +
+ NADPH + + NADP
CAR
LXXVI LXXII LXXVIII

Scheme 3.11.5. Reduction of sodium benzoate (LXXVI) catalyzed by CAR enzyme

The reaction was performed as described at paragraph 5.15.9 of experimental part.

As expected, after 5 h, 67 % conversion of sodium benzoate (LXXVI) was detected and 45 % of
benzaldehyde (LXXII) and 22 % of benzyl alcohol (LXXVIII) was found. This result means that the
CAR enzyme was active in the reduction of this carboxylic group but the unexpected formation of
(LXXVIII) could be due to the presence of alcohol dehydrogenase as impurity enzyme. The reaction
was then studied on our target substrate: 3-phenylpropionic acid (XLIV) and the obtained results

are reported in Table 3.11.3.

COOH CHO CH,OH
CAR

XLIV W XL

Scheme 3.11.6. Reduction of 3-phenylpropionic acid (XLIV) catalyzed by CAR enzyme
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Table 3.11.3. Reduction of XLIV catalyzed by CAR enzyme

Time Conv. XLIV (%) VI (%) (
2 5 65 62 3
21 65 62 3
2b 5 38 38
21 44 27 17
3¢ 5 32 32
21 40 40

Reaction conditions: ® XLIV= 0.010 g (0.06 mmol); NADPH = 0.054 g (0.06 mmol); ATP = 0.033 g
(0.06 mmol); MgCl,®7 H,O = 0.020 g; CFE = 1 mL; HEPES buffer (50 mM at pH=7,2) =9 mL; T =
25°C; ® same conditions of run 1 but the solvent was 8 mL of HEPES buffer (50 MM at pH=7.2) and
1 mL of MTBE; “ same conditions of run 1 but 0.027 g (0.03 mol) of NADPH was used (XLIV/NADPH
molar ratio 2/1), and 0.0036 g (0.06 mmol, d=0.785 g/mL) of propan-2-ol was used.

In the run 1, the formation of XL was also detected and this result could confirm the presence of
alcohol dehydrogenase into the CFE. It was also observed that after 5 h the conversion did not
increase probably due to the deactivation of CAR enzyme. As matter of fact, in another test, not
reported in Table 3.11.3, other NADPH was added after 21 h, but the conversion did not increase.

To try to improve the reaction and to increase the selectivity it was decided to perform an
experiment under biphasic condition, adding 10 % (v/v) of MTBE to the aqueous reaction mixture
(run 2, Table 3.11.3). As matter of fact, very often, enzymatic reactions are improved if they are

81 The reason for this is that the organic solvent

carried out in a biphase water/organic solvent
solubilizing reagents and/or products may reduce the impact of potential enzyme poisoners that
are removed from the direct contact with the enzyme while the reaction occurs at the interface.

It was observed that the conversion after 5-21 h was less than experiment performed in pure
HEPES buffer (run 2 compared to run 1, Table 3.11.3) but it was also observed higher formation (17
%) of XL.

The result showed an expected slowdown of bio-catalyzed reactions rate but without preserving
the activity of the enzyme CAR. The greater amount of alcohol XL could probably be due to the fact
that the activity of alcohol dehydrogenase enzyme was not adversely affected by working under
biphasic conditions.

In previous two runs, a stoichiometric amount of NADPH co-factor was used. In order to improve

the sustainability of reaction, it would be therefore necessary to regenerate the reduced form of

the co-factor, i.e. NADPH from NADP®. It is in principle possible using another bio-catalyzed
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reaction where a cheap substrate may be oxidized using NADP* as co-factor. Since an alcohol
dehydrogenase appeared to be present in the reaction mixture it was decided to use propan-2-ol

as sacrificial reagent (Scheme 3.11.7):

COOH CHO
T = O
+ +

XLIV

NADP™*

NADPH

O OH

)J\ Alcohol deydrogenase )\

Scheme 3.11.7. Reduction of XLIV catalyzed by CAR enzyme in presence of sacrificial reagent

(propan-2-ol)

A promising result (run 3, Table 3.11.3) was observed. In fact it was possible to work with a sub-
stoichiometric amount of the cofactor and the reaction was selective toward the aldehyde VI, with
no formation of XL. Furthermore, the activity of CAR enzyme seemed to survive after 5 h even if
the conversion after 21 h was still lower than run 1, Table 3.11.3. In future, further experiments
have to be made to try to improve this result for a possible scaling-up. One possibility would be
surely that of verifying other biocatalyzed reaction coupled with CAR to regenerate the co-factor.
As matter of fact a further reduction experiment using a sub-stoichiometric amount of NADH as
cofactor was tried in the presence of a formate dehydrogenase added to reaction mixture together

with formic acid as sacrificial reagents (Scheme 3.11.8):

COOH CHO
+

+
XLIV Vi

NADH NAD*

COz + Hy0 HCOOH
Formiate dehydrogenase

Scheme 3.11.8. Reduction of XLIV catalyzed by CAR enzyme in presence of formic acid as

sacrificial reagents
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Although it was known that CAR enzyme prefers NADPH as cofactor instead of less expansive

NADH, in literature®” it was reported that the use the latter cofactor would still be possible even if

with a slower reaction rate. It was confirmed by experiment, not shown here, where NADH was

used in stoichiometric amount, following the activity of CAR enzyme by a spectrophotometer.

Time(s)| Abs Abs
0 0.907 | 1.172 14
30 0.566 | 1.044 12
60 0.3 0.887 ,m
90 0.106 | 0.795 .
120 0 0.694 08 —m
150 -0.05 | 0.562 06 L l. # Sodium Benzoate
180 -0.069 0.485 m M 3-phenylpropionic acid
210 | -0.069 | 0.394 04 =
240 | -0.072 | 0.307 02 M
270 | -0.079 | 0.244
300 | -0.076 | 0.185 01
330 | 0073 | 0128 | | 92 0 00 80 1000
360 | -0.073 | 0.083
390 | -0.073 | 0,043
420 | -0.073 | 0.02 1,4
450 -0.078 0 12 @ Sodium Benzoate
480 | -0.08 | -0.015 '\.\
510 | -0.073 | -0.024 1
540 0.072 0.029 ¢ \.\ [ ] 3-phenyilpropionic
570 | -0.072 | -0.034 08 V=-0,0043x + 1,1677 8 Actd
600 -0.037 0,6 —— Lineare (Sodium
630 -0.038 Benzoate)
660 0041 | | % \
690 -0.043 0,2 — Lineare (3-
720 -0.044 y =-0,0089x + 0,8701¢ f\h%ny”pmpiomc
750 -0.045 0 ' ' : ' ' cid)
780 20.045 20 40 60 80 100

Figure 3.11.3. Activity check of CAR enzyme using LXXVI and XLIV as substrate and NADPH as

cofactor
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Time(s)| Abs Abs

0 1.742 1.703

30 1.726 1.667

60 1.700 1.651

90 1.682 1.616
120 1.661 1.593
150 1.631 1.564
180 1.609 1.528
210 1.584 1.497
240 1.557 1.462
270 1.529 1.433
300 1.503 1.398
330 1.468 1.365
360 1.449 1.344
390 1.422 1.310
420 1.395 1.281
450 1.370 1.256
480 1.342 1.236
510 1.312 1.211
540 1.284 1.185
570 1.257 1.155
600 1.232 1.134
630 1.204 1.104
660 1.166 1.073
690 1.142 1.044
720 1.113 1.018
750 1.098 0.990
780 1.074 0.962
810 1.069 0.934
840 1.021 0.907
870 1.000 0.879
900 0.967 0.858
930 0.950 0.820
960 0.924 0.796
990 0.898 0.771
1020 0.877 0.747
1050 0.854 0.718
1080 0.830 0.691
1110 0.807 0.667
1140 0.781 0.640
1170 0.761 0.615
1200 0.738 0.590

Figure 3.11.4. Activity check using XLIV and VI acid as substrate and NADH as cofactor
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From the obtained data (Figures 3.11.3 and 3.11.4), it is clear that the reaction with sodium
benzoate (LXXVI) in presence of NADPH as cofactor is faster than when XLIV is used, so confirming
experimental results obtained when the reduction was carried out in flask, and that the reaction is
slower when the NADH is used, but occurs.

However it was necessary also to make a preliminary blank spectrophotometric test to exclude any
activity of formate dehydrogenase on XLIV. No activity was indeed detected by the test even if this
enzyme resulted very efficient in transforming formic acid into CO, and water, either under the
typical condition of this reaction (paragraph 5.15.9.4) or using the best CAR enzyme reaction
condition. Unfortunately the final experiment according to the scheme 3.11.8, gave no 3-
phenylpropanal (VI) as product and the 3-phenylpropionic acid (XLIV) resulted untouched.

In the future it would be necessary to verify the possibility to regenerate the NADPH, coupling CAR
reaction with the biocatalyzed oxidation of glucose mediated by glucose dehydrogenase (Scheme
3.11.9). As matter of fact, it is well known that the regeneration of NADPH is performed efficiently

using this strategy™®’ even if this protocol has not been described in combination with a CAR

COOH CHO
©/\/ CAR ©/\/
+

reduction until now.

+
XLIV N
NADPH NADP™*

SR2G8 CH,Ol CH,OH

O oo OH T 1o S
OH

?'O OH 0O %%O Glucose deydrogenase HO Si]

gluconic acid ot

Scheme 3.11.9. Reduction of XLIV catalyzed by CAR enzyme in presence of Glucose

dehydrogenase
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3.11.4 Purification of enzyme by Ni-NTA-cromatography (Nickel-nitrilotriacetic acid-
chromatography)

All above described experiments were performed using crude CAR enzyme (Cell free extract) that
from sustainable point of view will be the preferred industrial solution. However, as shown before,
this crude extract contains undesired alcohol dehydrogenase as impurity. Therefore it was
compulsory to try to purify CAR enzyme before repeating above experiment to check if this
purification could gave any advantage.

The purification of CAR had been described using a Ni-NTA chromatography37. This technique is
suitable for recombinant proteins in which there are 6 Histidine residues. In this case both CAR
and SFP enzymes have this characteristic since DNA coding the residue of histidine had been
inserted near the DNA coding the desired bio-catalysts. The principle of this chromatography
purification is based on the interaction of Ni-NTA with 6-histidine residue (Figure 3.11.5); the
protein remains blocked on the column while impurities are removed with washings; finally the
protein is removed from the column using imidazole which causes the dissociation of the bond Ni-

histidine.

Agarose bed CH—COT\
/!

Enzyme

Figure 3.11.5. Interaction between the modified Ni-NTA and the histidine residues on Enzyme182

As matter of fact imidazole is competitive with the imidazole ring of histidine and solution from 50

up to 500 mM can dissociate the protein from the Ni-NTA agarose support.
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After fermentation, Cell Free Extract was recovered by ultrasounds equipment as previously
reported (paragraph 3.11.3) and the procedure for purification reported on experimental parts
was followed.

The obtained filtrate was checked on SDS-page:

A

M: marker

L BE ES BEEg

G =) > CAR Enzyme
= >
- | O SFP Enzyme
: 1: 1° washing (buffer 1, 20 mM imidazole)
2: 2° washing (buffer 2, 50 mM imidazole)
3: 3° washing (buffer 3, 100 mM imidazole)

L
h' 1 e 2 :l' 4: 4° washing (buffer 4, 500 mM imidazole)

Figure 3.11.6. SDS.PAGE analysis of eluate obtained from washing of purification column

It is possible to observe that into the first filtrate, obtained by using of buffer 1, there are some
spots corresponding to different protein molecules, but the spots corresponding to CAR enzyme
and SFP enzyme are not present. Using the solution at 50 mM of imidazole (buffer 2), it is not
possible to remove the enzymes from column (the concentration of imidazole is not enough to
break the ligand between enzymes and Ni) but using the buffer 3 and 4, CAR and SFP enzymes
were recovered in pure form. Only the filtrate obtained from washing with buffer 3 was kept
because the spot corresponding to CAR enzyme is more intense than the spot corresponding to
SFP enzyme. Into the filtrate obtained from using of buffer 4, there are both CAR and SFP enzymes
but the spot of SFP is more intense and for this reason this solution was discarded.

The solution obtained from buffer 3 was further purified by dialysis (cut off < 10000 Dalton) and

subsequently treated as reported in procedure described at paragraph 5.14.4.3.
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At the ends of these operations the pure solution of CAR and SFP enzymes was obtained and was

4stocked at -80°C.

m -.-< - ) > CAR Enzyme
=
i
=
a0 -
3 - < > > SFP Enzyme
ra i M: Marker
15 & S.S: stock solution of CAR/SFP enzyme
after purification
- —
W1 25

Figure 3.11.7. SDS-PAGE analysis of stock solution: only CAR and SFP presence was detected

Preliminary test conducted by using spectrophotometer, allowed verify that after this purification
procedure that CAR enzyme was still active to reduce carboxylic acid such as 3-phenylpropionic
acid (XLIV). Furthermore the formation of alcohol XL was not detected. This result is a further
confirmation that the formation of undesired alcohol XL was due to the presence of impurity in
Cell Free Extract (CFE).

A goal originally intended that was not possible to reach was to determine in a precise manner the
concentration of CAR and SFP enzymes in pure stock solution and in the raw Cell Free Extract
(CFE). The exact determination of enzyme concentration would have required a HPLC-quantitative
analysis on a special HPLC column that was not available. When this data will be obtained, it will
also possible to compare the activity of CAR in CFE with pure CAR. These are planned activities in

the near future.
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3.12 Acid Catalysis

As already reported in Chapter 1, acid catalysis plays a key role in chemical industry. However the
use of traditional Brgnsted and Lewis acid is often characterized by the high amount wastes
formation and in certain cases by low reaction selectivity. In order to improve these aspects, many
solutions have been developed and, for example, the use of functionalized polymers was deeply
investigated. Among these polymers, one thoroughly investigated and used as Brgnsted and Lewis
acid catalyst is Nafion®, which was developed by W. Grot at DuPont in 1960s. It is synthesized by
the free radical copolymerization free radical between tetrafluoroethylene and perfluorinated

vinyl ether monomers:

FEEE
Ae-Cfite-chy
F F F O
F-C—F
F_CI:_CFS
O
|
F—(IZ—F
F-C-F
SO3H

Figure 3.12.1. Structure of Nafion®

Nafion® was the first polymer belonging to the ionomers class. Its first use, as separation
membrane, was in electrolytic cells to produce chlorine and caustic soda. Subsequently, its use
was expanded to produce membranes for PEM fuel cells. In fact before mid-1960’s, synthetic
polymers attracted attention largely as materials rather than as organic molecules in their own
right. The use of Nafion®, as Brgnsted acid, and its salts (such as Cr, Ce, Hg) are widely mentioned
in literature as catalyst for alkylation, acylation, nitration, sulfonation, polymerization, oxidation,

183,1 . . . .
83,184 Major drawbacks of this material is the very low surface area

hydration and other reactions
and the fact that the activity of this material in non-swelling solvents may be very low. This in turn
has limited the application in Brgnsted acid catalysed reactions. In order to increase the acid site
accessibility of Nafion® resin-based catalysts, a class of solid acid catalyst-based upon a high
surface area Nafion® resin silica nanocomposite, has been then developed, where nanometer
sized Nafion® resin particles are entrapped within a highly porous silica network'®*®. The

property of some Nafion® salts as Lewis acid have been less investigated; it is then to underline
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that when Nafion® salts are used, they were prepared by cation exchange from the corresponding
Nafion®-K salt, and this procedure produces aqueous salt wastes.

Very recently, the preparation of Nafion®-Fe was reported™®’

. This Lewis Acid catalyst was used
with success in a Strecker reaction. Also in this case Nafion®-Fe is prepared by cation exchange
reaction starting from Nafion®-K and using FeBrs in dichloroethane at reflux. After the preparation,
the catalyst is washed by dichloroethane, by water to remove the excess of FeBr; and acetone and
finally it is dried at room temperature under vacuum for 16 hours.

During this work of thesis the properties of another polyfluorinated polymer and its salts, as
Brgnsted acid as well as Lewis acid catalyst, were investigated. This polymer is Aquivion®PFSA
(PerFluoroSulfonic Acid, and from here referred as Aquivion®) and is produced by Solvay Specialty

Polymers S.p.A. It is synthesized by reaction between Tetrafluoroethylene and suitable Sulfonyl

vinil ether by emulsion free radicals copolymerization:

FEoRE
He-Chte-cly
F F F O

F-C-F

F-C—F
SOH

Figure 3.12.2. Structure of Aquivion®

The major difference between Nafion® and Aquivion® is the length of the side chain. Nafion® is
classified as long side chain ionomer and Aquivion® as short side chain ionomer. The length of the
side chain influences the crystallinity of the polymer (the shorter side-chain allows, at a given -
SOs3H loading, a higher polymer crystallinity and thus a higher mechanical resistance) and its
thermal behavior (the softening temperature of the short side chain ionomer is lower than that of
its long side chain congeners thus permitting to work at higher temperature, if necessary'®**°.
Furthermore, the very poor porosity of Aquivion® powder could reduce or prevent reactions on
some substrates but also permit a better selectivity. However, it is also important to note that the
length of side chain might affect the availability of the acid site. During this work of thesis, the
possibility to prepare of some metallic salts starting from Aquivion® was considered. This

salification might cause a rearrangement of the polymer structure so to modify the substrate

access towards the catalytic site.
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Furthermore it was also assumed as hypothesis that the formation of some metallic salts could be
easier with Aquivion®and cause a rearrangement of the polymer structure so to overcome or

reduce the problem, if any, of limited access to the catalytic site.

3.12.1 The use of Lewis Acid catalyst in organic synthesis

As already mentioned in the introductory paragraph 1.5. on acid catalysis, Lewis Acid (LA)
catalyzed reactions are of great interest in organic synthesis'®. A wide variety of these reactions
have been developed and applied to the synthesis of natural and unnatural compounds. As
previously reported, in 1991, the use of water-compatible lanthanide triflates, as Lewis Acid, was
described?. After this report, many triflates have been developed and applied. An interesting
advantage is the fact that these catalysts can be used in catalytic amount, unlike many traditional
Lewis acids, in some reactions such as Friedel-Crafts acylation and they can also work in organic
solvents/water mixtures. Another advantage is the possibility sometimes to recover them from
the crude reaction mixture and to reuse. However, rare earth metals are expensive and for this
reason other triflates have been investigated such as Zn, Fe, Ga and In triflate523, being these
metals more available in nature and much cheaper than rare earth metals.

In this work of thesis, the preparation of Aquivion®salt species, Aquivion®-Me and in particular
Aquivion®-Fe, -Ga or -In, never investigated before, was studied using a simple and more

sustainable approach, according to the following Scheme 3.12.1:

3 -RSO;H + M —— -[RSO;3sM + 3/2 H,

Scheme 3.12.1. Reaction between metal and sulfonic group of Aquivion®

It was assumed that one mole of metal can react with three moles of sulfonic groups. Actually
Aquivion®, where the load of sulfonic groups is equal to 1 eq. per 870 g of polymer, was used.

The procedure to obtain Aquivion®-Me is described in detail in the experimental part (paragraph
5.14.5). The preparation was carried out at reflux temperature of acetonitrile for many hours.
When Aquivion®-In was prepared, it was observed that the reaction between metal and polymer
was very slow. After 48 h, the presence of unreacted Indium was detected and the polymer
remained partially white. After 15 days, the polymer became grey but some Indium particles were
still observed. Best results were obtained when Aquivion®-Fe and Aquivion®-Ga were prepared.
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After 48 h, it was found that the polymer was yellow when iron was used and grey in the case of
Aquivion®-Ga. During the preparation of these two species, residual pieces of metals were not
evidenced. After analysis, adopting the method reported in the experimental part (paragraph

5.13.12), the following results were obtained:

Table 3.12.1 Determination of metal loading in Aquivion®-Fe and Aquivion®-Ga

Theoretical . Theoretical .

Determined Determined

metal . metal . -SOszH
. metal loading . metal loading
loading (w/w %) loading (mol/mol %) exchanged (%)

(Ww/w %) ° (mol/mol %) °
Aquivion®-Fe 2.140 2.053 33.33 32.01 96.03
Aquivion®-Ga 2.670 3.033 33.33 37.85 113.57

At the light of the obtained analytical results (kindly made by Specialty Polymer S.p.A staff), it is
possible to say that the preparation protocol developed seems to be effective in quantitatively
exchange the sulfonic acid functions available in Aquivion®, the slight differences from the 100%
theoretical amount are probably due to light weighing errors of both reagents during the
preparation of the catalyst. The present procedure permits to obtain in a simple way these
Aquivion®salts, the reaction solvent may be easily recovered and the metallized polymer, after a
rapid drying under vacuum, is ready for use as Lewis catalyst. Probably this protocol could be
applied also for Nafion®-Fe and is surely more sustainable than the previously described

187
procedure®®’.

3.12.2 Applications of Aquivion®-Me and Aquivion®

In this work of thesis, the catalytic applications of Aquivion®-Me species in some Friedel-Crafts

acylation and alkylation reactions and in a reductive amination are exemplified.
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3.12.2.1 Acylation of 2-ethylthiophene (LXXIX)

s O Q
S
D Q—
/\E/} R™ Y Cat. /\E/))J\R
LXXIX A, B, C R: -Et = LXXX
A:Y = -Cl; R: -CH,CHy R: -Pr = LXXXI

B:Y = -OCOCH2CH3, R: -CH2CH3
C:Y =-0OCOCHg; R: -CHj3

Scheme 3.12.2. Acylation of LXXIX by using of different acylation agents

Two acylating agents and different kind of catalysts were compared in this reaction. This
application is interesting because it permits to obtain, in particular, 1-(5-ethylthiophen-2-
yl)propan-1-one (LXXXI) which was originally prepared by using EtCd and 5-ethyl-2-
thiophenecarboxylic acid chloride®®*. This compound is a potential fragrance, currently under
investigation for some perfume applications, with a pleasant anise olfactory note and a low odor
threshold.

Initially a general procedure described in literature for some thiophene acylation was followed'*
but carrying out the reaction at 25 °C, in dichlomethane instead of originally used CS, as solvent.
The catalyst, used in stoichiometric amount, was SnCl, and the acylating agent was propionyl
chloride. After 2 h, a quantitative conversion of starting material into the desired product was
observed and after work-up 80 % yield into LXXXI was obtained. This result is satisfactory but it is
necessary to observe that the synthesis was carried out in a not green solvent and after reaction it
was necessary to hydrolyze SnCl; so producing wastes. For these reasons, afterwards, a
heterogeneous acylating catalyst, such as Envirocat EPZG™, was tested™®. It is a commercial
catalyst produced by Contract Chemicals and it is described as a zeolite doped with zinc salts,
which have both Brgnsted and Lewis acid characteristics'®*. The use of this catalyst permitted to
work in absence of solvent and the reaction was carried out at 120°C for 4 hours using propionic
anhydride as acylating agent. The obtained conversion of starting material LXXIX was quantitative
but it was observed by GC-chromatography the formation of 7 % of an isomeric by-product,
probably 3-acyl derivative. In this procedure the work up was very simple. After reaction, the
catalyst was filtered off and the solution was distilled under vacuum. The obtained isolated yield
was 75 %. However, a drawback of this protocol is the following: the catalyst must be activated

before use and before any recycle to remove the traces of water that may affect its activity. Finally
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the use of Aquivion®-Me species was checked. The acylation was carried out with propionic
anhydride or acetic anhydride at 120°C for 3 h in absence of solvent. The kind of anhydride gave
more less the same yield. Initially, a molar ratio substrate LXXIX/-R(SO3)sMe 32/1 was used but
subsequently it was possible to increase the ratio up to 320/1. It was observed the same results in
the same time of reaction working with these two ratios, but using a reduced amount of catalyst
the procedure is of course more sustainable and a more efficient mixing of the reaction mixture is
obtained. To emphasize the concept, it must be remembered that working with 2 g of LXXIX and
substrate LXXIX/-R(SOsz)sMe ratio 32/1, for example, 1.57 g of Aquivion®-Fe were used. Working
with ratio 320/1 only 0.157 g of Aquivion®-Fe were necessary. The acylation of LXXIX was carried
out with Aquivion®-In (although part of metal was not visibly linked to the support, but in the first
approach, the 4.4 % of Indium, as Aquivion® metallic salt, was assumed), Aquivion®-Fe and
Aquivion®-Ga (2.67 % of Ga, as Aquivion® metallic salt was assumed). In all three cases, it was
observed a quantitative conversion of starting material LXXIX after 3 h and an isolated yield, after
distillation under vacuum, near to 75 % for LXXX and LXXXI. All catalysts were ready to use after
their preparation, because activation or other treatments are not required. After reaction, the
catalyst was recovered by filtration on a sintered glass filter and it was immediately reused. With
Aquivion®-In and Aquivion®-Fe, the possibility to recycle catalyst was studied. The reactions were
performed at 120°C with substrate LXXIX/-R(SO3)sMe molar ratio 320/1 and it was checked
guantitative conversion of starting material LXXIX during the use of fresh catalyst and during the
use of recovered catalyst for three times. It was not detected formation of by-product and after
distillation under vacuum the isolated yield of desired ketone LXXXI was always 70-75 %. Despite
of the presence of free Indium, it was considered for first exploratory test that all Indium was
reacted with -SOsH groups. After first use, the amount of Iron in Aquivion®-Fe was determined by
Solvay Specialty Polymers S.p.A. lab by using of ICP-OES (Inductively Coupled Plasma Optical
Emission Spectrometry). The determined metal loading of Iron is 1.952 % w/w. The virgin
Aquivion®-Fe had 2.053 % w/w metal loading, so the catalyst may be considered substantially
stable.

The acylation of LXXIX was also carried out with Aquivion® in original acid form. The reaction was
performed at 120°C for 3 h with substrate LXXIX/-R(SOsH) molar ratio 10/1 in absence of solvent.
The acylating agent was propionic anhydride. After 3 h of reaction, the conversion of starting
material was quantitative but the isolated yield of desired product after distillation under vacuum

was only 30 %. A higher amount of high-boiling point by-products was found. In a successive
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experiment, the ratio substrate LXXIX/-R(SOsH) was increase up to 50/1 but the high formation of

high-boiling point by-products was still observed.

Under these experimental conditions on this heterocycle substrate, these results show that the

use of a Lewis acid as catalyst is really more efficient.

3.12.2.2 Acylation of anisole (LXXXII) and thioanisole (LXXXIII)

The acylating activity of Aquivion®~Me and Aquivion®was investigated also with other electron
activated compounds. The obtained results in the acylation of LXXXIl and LXXXIII are reported in

Table 3.12.2.

XCHg
XCHg XCHs o

0] (0]
+ )J\OJJ\ R — +

o)
X: O = LXXXII
:S= X: 0 =LxXxxly X:O=LXXXVI
XS = Lol XS = LXXXY  XiS=LXXXVII

Scheme 3.12.3. Acylation of LXXXII and LXXXIII
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3.12.2. Acylation of LXXXIl and LXXXIIl catalyzed by Aquivion®, Aquivion®-Fe, Aquivion®-
Ga and Aquivion®-In

LXXXIV
Conv. !

Sub LXXXIV,  LXXXVI,  LXXXV

__Sub__ LXXXII
“R(S0;);Me Solvent ’
o olven LXXXIII

(%)

XXXV LXXXVII  Isolated
(%) (%) yield

17 Aquivion®-In 32/1 S - 28 28 Traces 10
2° Aquivion®-Fe 32/1 S - 10 10 Traces n.d
3° Aquivion® 10/1 S --- 10 10 Traces n.d
4° Aquivion®-Fe 32/1 0 --- 52 50 2 33
59 Aquivion® 100/1 O 27 27 n.d
6°  Aquivion®-Ga  320/1 O 12 12 n.d
7' Aquivion®-In 32/1 O A.A
8¢ Aquivion®-Fe 32/1 O  Sulpholane - - - -
9% Aquivion®-Ga 32/17 O  Sulpholane
10"  Aquivion®-Fe 32/1 O Sulpholane
11" Aquivion®-Ga 32/1° O  Sulpholane --- --- --- ---
12' Aquivion®-Fe 32/1 O Nitrobenzene 60 60 2 n.d
13' Aquivion®-Ga 32/1 O Nitrobenzene 60 58 2 n.d
14"  Aquivion®-Fe 32/1 O Nitrobenzene 62 60 2 n.d

Reaction conditions: ? substrate LXXXIIl = 2.00 g (0.016 mol); acetic anhydride = 1.51 mL (0.016
mol, d = 1.082 g/mL); Aquivion®-Me =1.30g; T = 125°C; t = 24 h; b substrate LXXXIII = 2 g (0.016
mol); acetic anhydride = 1.51 mL (0.016 mol); Aquivion®-H = 1.40 g; 125°C; 24 h; © Substrate LXXXII
= 2 g (0.019 mol); acetic anhydride = 1.80 mL (0.019 mol); Aquivion®-Me = 1.65 g; ® same
conditions of run 4 but the amount of Aquivion®-H is 0.165 g; ¢ substrate LXXXII = 2.00 g (0.019
mol); acetic anhydride 1.80 mL (0.019 mol); Aquivion®-Me = 0.155 g; fsubstrate LXXXII = 2 g (0.019
mmol); A.A = acetic anhydride = 25 mL; Aquivion®Me = 1.55 g; T =140°C; t = 24 h; & substrate
LXXXIl = 0.1 g (0.93 mmol); acetic anhydride = 0.087 mL (0.93 mmol); Aquivion®-Fe = 0.08 g or
Aquivion®Ga = 0.76 g; sulpholane =3 mL; T=80°C; t = 24 h; h same conditions of runs 7 and 8 but
the temperature is 125°C; 'substrate LXXXII = 0.25 g (2.3 mmol); of acetic anhydride = 0.22 mL (2.3
mmol), Aquivion®-Fe = 0.20 g; Aquivion®-Ga = 0.187 g; nitrobenzene =3 mL; T =80°C; t = 24 h; !
same conditions of run 12 but the temperature is 125°C. "4.40 % of Indium as Aquivion® metallic
salt was assumed; ~ 2.67 % of Gallium as Aquivion® metallic salt was assumed.

The acylation of thioanisole LXXXIIl was carried out by using acetic anhydride as acyl reagent,
using different salt form of Aquivion® and in presence or absence of solvent. In all cases, the
reactions were checked after 4-5 hours and it was observed that after this time the conversion did
not increase despite the reactions were performed for 24 h. This behavior is probably due to

deactivation of catalyst. In fact, in a further experiment not reported in the Table 3.12.2 and
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carried out under the same conditions of run 1, after 3 h, other 3 mL of acetic anhydride were
added and the reaction performed for 16 hours. After 3h, 25 % conversion into acyl derivatives
LXXXV and LXXXVII was found, and after 16 h, despite the addition, no increase of the conversion
was determined. It was already reported in the literature that for example carboxylic acids, when
present in large amounts, adsorbed so strongly on the Nafion® catalyst surface that the aromatic
substrates had no chance to react®”.

Same results were found when the acylation of LXXXII was studied. However, it worth noting
when the reaction was carried out at 125°C, using Aquivion®-Fe and using a substrate LXXXII/-
R(SOs)sFe catalyst molar ratio 32/1 (run 4, Table 3.12.2), a 52 % conversion into acyl derivatives
was detected with a very high selectivity to LXXXIV product. The reaction was also performed
reducing the amount of catalyst (runs 5 and 6, Table 3.12.2). In these two cases, the activity of
pure Aquivion® and Aquivion®-Ga was studied, but no appreciable result was observed.

To try to increase the conversion, the reactions were checked also in presence of solvents. In fact,
at the light of the obtained results, it was possible to think that the low conversion might be due
to the poisoning and/or deactivation of catalyst. Furthermore, the use of a solvent could favor the
swelling of the polymer and a better availability of the catalytic sites towards the reagents. For
these reasons, acetic anhydride as solvent and reactant at the same time, sulpholane and
nitrobenzene were used. It is worthy nothing that the only encouraging results were obtained
when nitrobenzene was used (runs 12-14, Table 3.12.2). Furthermore, it is important to remark
that nitrobenzene was profitably used also when metallic triflates had been used®®. However, the
toxicity of this solvent and the results here obtained (runs 12-14, Table 3.12.2) towards the
reaction in absence of solvent (run 4, Table 3.12.2) do not justify its use. Probably a further check
on other diluents or the use of the aromatic substrate as reactant and solvent at the same time
would be useful in order to improve the catalyst activity and the yield of the reaction. Finally it is
to underline that the acylation reaction was also tested on toluene as solvent and reactant at the
same time (experiment not reported here). The reaction was carried out at 110°C using by
substrate/-R(SO3)sFe molar ratio 32/1, 20 mL of toluene and 1.70 mL of acetic anhydride (0.021
mol) but the formation of acyl derivatives was not observed after 24 h. This result confirms that
Aqguivion®-Me may be active as catalyst in Friedel-Crafts acylation reactions only on very electron

rich aromatic and heteroaromatic substrates.
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3.12.2.3 Acylation of Phenol (VIll) and Fries rearrangement

O-Acylation or C-Acylation products can be obtained when phenol and phenol derivatives react
with anhydride or acetyl derivatives in the presence of acid catalysts. O-acylation reaction leads to
obtain ester compounds while C-acylation reaction affords ortho and para hydroxyarylketones
derivatives. The hydroxyarylketones are industrially important as intermediates for
pharmaceuticals and as UV absorbers in plastics and coatings.

C-acylation products can be explained not only by a typical Friedel-Crafts acylation mechanism but

also by an aldolic type reaction mechanism on a metal phenolate'*>**®

or by acid catalyzed Fries
rearrangement of O-acylation derivatives®>.

The accepted mechanism of Fries rearrangement is the following:

A ) j\: LA \l(‘S: iA\\'E): .
LA
0 R O)\R O)\R K

S & &

Scheme 3.12.4. Accepted mechanism of Fries rearrangement

R

In the first step of reaction, a Lewis Acid coordinates to the carbonyl oxygen atom of the acyl
group. This oxygen atom is more electron rich than the phenolic oxygen and it is the preferred
Lewis base. This interaction polarizes the bond between the acyl residue and phenolic oxygen
atom and the Lewis Acid rearranges the phenolic oxygen atom. This generates a free acylium
carbocation which reacts in classical electrophilic aromatic substitution with the aromatic ring. The
orientation of the substitution reaction is temperature dependent. A low reaction temperature
favors para substitution while the ortho product prevails with high temperature. Formation of the
ortho product is also favored in non-polar solvents, as the solvent polarity increase, the ratio of
the para product also increases®.

In the first approach, the direct synthesis of hydroxyarylketones was investigated by using of
Aquivion®-Fe as catalyst. The reaction was carried out at 110°C in neat conditions with 2 g (0.021

mol) of phenol (VIII) and 1.98 mL of acetic anhydride (0.021 mol, 1.082 g/mL) for three hours,
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using a substrate VIII/-R(SOs)sFe ratio 32/1 (1.83 g of catalyst). However, it was not observed the

C-acylation but only O-acylation:

QH OH O
+ No formation of C-acylation
product
OH Reaction Conditions:
o o ~ L @%° 5 LXXXIX Phenol (VIIl) = 2 g (0.021 mol); Acetic
N’\\)\\l anhydride = 2.14 g (0.021 mol); substrate
+ )J\O)J\ LXXXVIII (VII)/-R(SO3)3Fe molar ratio = 32/1 (1.83
0) g); T=110°C; t = 3 h, Conversion = 92 %;
VI )]\ isolated yield of VIII = 82 %; neat conditions
Only formation of
O-acylation product
XC

Scheme 3.12.5. Results obtained by acylation of VIII

After this time, the conversion of VIl was 92 % and after work-up the obtained vyield of
phenylacetate (XC) was 82 %. The direct synthesis of hydroxyarylketones LXXXVIII and LXXXIX
failed and to synthetize them, the Fries rearrangement of ester was investigated. In literature the
use of heterogeneous catalyst such as Nafion®/silica in Fries rearrangement is reportedz‘?"197 and

Aquivion®-Fe was tried, but only formation of (VIIl) was observed (43 % after 7 hours):

? @J\ No formation of Fries rearangement products
O

Reaction conditions
XC =0.1g(0.0073 mol);
substrate XC/-R(S03);Fe molar ratio = 32/1 (0.635 g);
T =140°C; t = 7h; 43 % conversion in VIl

LXOXXVII

OH

Only formation of
phenol as by-product

Vi

Scheme 3.12.6. Results obtained from Fries rearrangement
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In the literature it is reported that the VIII could be formed by hydrolytic decomposition of starting

¥ The possible presence of humidity in the

materials or by deacylation of hydroxyarylketone XC
catalyst could favor the hydrolysis XC.
It is also reported that the highly reactive ketene is formed as a complementary decomposition

198

product™. While the deacylation could be a reversible process, the ketene, if formed, can react

irreversibly to give a large number of side-products. As already reported, the reaction is also

d'’ that the selectivity and conversion of

affected by the kind of solvent; in fact, it is reporte
reaction were related to the nature of the solvent.

At the light of these considerations, other future study would be necessary to understand if an
Aquivion®-Me may be active in Fries rearrangement. For example, once excluded the possibility
that the moisture, eventually adsorbed by the catalyst during the storage, may be the cause of the
formation of VIII, it would be interesting to investigate in details the nature of by-products and the

effect of the steric hindrance due to the structure of polymer and to the type of metallic ion.

3.12.2.4 Alkylation of Friedel-Crafts

Besides the acylation reaction, the alkylation of Friedel-Crafts was also studied. Aquivion® and
Aquivion’-Fe were used in the thiophene (XCI) alkylation. Initially, the reaction was carried out

with tertbutylchloride or tertbutanol as reagent:

S S | S S
| + | * +
O Y Cat. % 7 | Y/ + other by-products
XClI D E XClIl

XClI XCIV

D:Y =-Cl,
E:Y =-OH

Scheme 3.12.7. Alkylation of XCI with terbutylchloride or tertbutanol
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The obtained results are reported in the following Table 3.12.3.

Table 3.12.3. Alkylation of XCI

Run Y Cat (R-SO3Y)  XCII (%)°  XCIHI (%) XCIV (%) (XCl)/(XClI)
1° -Cl Aquivion®-Fe 13 15 23 0.86
2° -OH Aquivion® 55 18 15 3.06

Reaction conditions: substrate XCl = 2 g (0.024 mol); tertbutylchloride = 0.22 g (0.0024 mol);
Aquivion®—Fe = 0.52 g (substrate XCI/-R(SOs)sFe ratio 129/1); T=84 °C; t = 16 h; b scame conditions
of run 1 but 0.18 g (0.0024 mol) of tertbutanol and 0.52 g of Aquivion®(substrate XCI/-RSOsH ratio

40/1) are used; “ chromatographic yield determined by using toluene as external standard.

The results are expressed considering the theoretical production of single product (it was
imagined that the reaction was selective for XCIl or product XClll or XCIV and with calibration
curve the chromatographic yield was determined. The reaction carried out by tertbutanol is more
selective than the reaction carried out by tertbutylchloride. Furthermore, when the reaction with
tertbutylchloride was stopped, a smell of sulfur compounds and a brown mixture was detected.
Conversely, the reaction with tertbutanol remained transparent as at the beginning of the
reaction. This behaviour might be explained with the formation of HCI during the reaction carried
out with tertbutilchloride as alkylating agent. It is well known that the XCl is not very stable in an
acidic environment and this situation can lead to polymers and to by-products where the
heteroaromatic ring is lost.

The alkylation was also carried out by isopropylchloride and isopropanol to try to obtain 2-

isopropylthiophene, an important intermediate for Lioral™

(LXI,) synthesis. (see Paragraph 3.9).
Surprisingly, the formation of 2-isopropylthiophene (L;) and other alkylated products was not
detected. The reactions were carried out at 84 °C, with XCl/alkylating agent molar ratio 10/1 and
with XCI/-R(SOs)sFe ratio 129/1 or XCI/-R(SO3)H ratio 40/1 for 16 hours.

In conclusion, Aquivion®and Aquivion®-Fe , and in particular the former catalyst, demonstrated
fine activity in alkylation reaction of XCI. They could represent a good alternative to classical Lewis
Acid, but it would be necessary to extend the study of the reactivity with other carbocyclic or

heterocyclic aromatic derivatives and to try to explain the reason of non-reactivity with

isopropylchloride and isopropanol. Even reaction carried out by using isopropylbromide and
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isopropanol in presence of SnCl; and a particular acid resin (TONSIL CO 516 E) respectively, 2-
isopropylthiophene was not obtained by direct alkylation'®® further confirming the difficulty to

obtain this product according to this synthetic route.

3.12.2.5 Reductive amination catalyzed by Aquivion®-Fe

The one pot reductive amination is an important transformation in organic synthesis from process

efficiency standpoint”.

Direct reductive amination

H RiNH, , [H]
0 NHR,
R Catalyst R
R;NH, [H1]
Catalyst Reduction

H
>:NR1
R

Indirect reductive amination

Scheme 3.12.8. Direct and indirect reductive amination

In literature, different strategies to obtain amines from aldehydes are reported, using hydrogen
plus a hydrogenation catalyst or using hydrides. However to obtain the desired product with high
selectivity, usually it is necessary to pre-form the imine intermediate, so reducing the side reaction
of formation of the corresponding alcohol by reduction of the aldehyde. Furthermore the use of
catalyzed hydrogenation could be not possible on many substrates which have other reducible
functionalities. The reductive amination using sodium cyanoborohydride (NaBH3CN) as the
reducing agent is especially called the Borch reaction’® and has high generality. NaBHsCN is a
relatively weak reductant which works under mildly acidic conditions. The control of the pH is
important for effecting clean reductive amination. The pH range needed for the reduction of
ketones and aldehydes is usually 3-4, whereas that for iminium cations is about 6-7. NaBH3;CN

works well within this pH range without causing unnecessary side reactions. However this method
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suffers for the formation of highly toxic byproducts as HCN and NaCN. NaBH(OAc)s; and 2-
picolineborane are used for the same purpose. Both have advantages in that the former has low
toxicity and the latter can be used in water but their use is expensive. Other numerous alternative
reagents such as tin hydrides, sodium borohydride, etc. have been reported, but some of them are
not suitable to use in large scale production or are less selective'’. Moreover, the presence of
some metals in the final products and/or in the effluent of industrial processes can be a problem
for human health and for the environment (see Table 1.10 in the Chapter 1). It is therefore
essential to choose reaction conditions that have less impact on the environment. Reductive
amination procedures by using Fe-triflate and NaBH, was recently reported®’. It is important to
note that, in comparison to other metals, Fe is recommended due to its non-toxic nature.
However, although the use of Fe-triflate may seem a good alternative to traditional methods, it
should be noted that this type of catalysts is not always recoverable and recyclable. For this
reason, in the present research Aquivion®-Fe was tried as catalyst in this reaction. In fact its
structure is a sort of a “metallic triflate polymer” but it has the great advantage of being easily
removable from reaction mixture and it is potentially recyclable.

Mechanistically, iron triflate, as a Lewis Acid (LA), activates the carbonyl functionality and provide
very reactive electrophile source. Amine that is used as substrate reacts with the activated
aldehyde to afford hemiaminol equivalent. Thereafter, dehydration event regenerates the
catalyst. In situ generated imine can further be reduced with sodium borohydride affording the

products as shown in Scheme 3.12.9:

X 5 A C NaBH R
o) : NR, NaBH,
) ) )I\ OLA ¢+ OLA 1 (
Lewis Acid 4\
/ b Ty ; H R NHR;
. Ri™oA R
HoN. HoH Y H20

R1
Scheme 3.12.9. Possible mechanism for direct amination
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The reaction between aniline (XXVIII) and benzaldehyde (LXXVII) was investigated as model

reaction in the presence (run 1, Table 3.12.4) and in absence of the catalyst (run 2, Table 3.12.4).

NH, CHO H OH
|
NaBH, N\/® Nv@ .\
+ _— +
Cat.
CcVv

XXVIII LXXVII X XCVI LXXVIII

Scheme 3.12.10. Reductive amination between XVIIl and LXXVII

The obtained results are reported in the following Table 3.12.4.

Table 3.12.4. Reductive amination reaction carried out in presence or in absence of Aquivion®-Fe

Conv. XCV XCVI st XY

LXVII (%) (%) (%) (%) |§olatedc

yield (%)
1 99 80 6 13 50
2° 99 38 3 3 —
3 99 90 — 9 n.d

Reaction conditions: substrate XXVIII = 0.88 g (0.0094 mol); substrate LXXVII = 1 g (0.0094 mol);
NaBH4 = 0.35 g (0.0094 mol); of Aquivion®-Fe = 0.82 g (substrate (XXVIII=LXXVII)/-R(SOs)sFe ratio
32/1); dichlorometane = 15 mL; 3 mL of methanol were added after 3 h; T = 30°C; ® in absence of
catalyst; b substrate XXVIII = 0.088 g (0.00094 mol), substrate LXXVII = 0.1 g (0.00094 mol); CH,Cl,
= 3 mL; “after 10 minutes 90 % conversion into imine XCVI was observed than 0.035 g (0.00094
mol) of NaBH; and 1 mL of CH3OH were added and after further 10 minutes a quantitative
conversion of XCVI into XCV was detected; “after work-up.

The aldehyde and catalyst were added into the reactor in the same time and after 10 minutes the
amine and NaBH, were added. It was observed that when the catalyst was used, the formation of
intermediate imine XCVI is practically instantaneous but the formation of XCV is difficult. As soon
as the methanol is added the amine XCV is formed. However, it was observed that the reaction
between LXXVII and XXVIII is not complete, in fact, after 3 hours 13 % of unreacted LXXVII was
checked; it was immediately converted into LXXVIII when the methanol was added. The work-up
of crude mixture was simple: after reaction, it was washed with water and the catalyst was filtered

off. The organic phase was separated from aqueous phase and the latter phase was extracted with
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di