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Abstract

In the past twenty years, the biodiesel industry has cogenerated enormous quantity of
glycerol as a byproduct. This situation lead to two important consequences: i) with the
steady growth of the biodiesel production, the market experienced an unprecedented excess
of glycerol whose price collapsed worldwide. During 2000-2010, In the EU (the main
biodiesel producer), the decline was almost by a factor of 10: from 4000 USD/ton to 450
USD/ton; ii) the overabundance of glycerol, as a low-cost source of renewable carbon, has
fueled a huge interest in both the academy and industry toward research programs for the
conversion of glycerol and its derivatives in energy and especially in high value added

chemicals. The latter aspect was the subject of the PhD thesis.

The experimental work was divided in three main areas which common denominator

was the use of continuous flow synthesis techniques (CF).

= The development of new methodologies for the upgrading of glycerol to cyclic
acetals. The glycerol acetals, in particular light ones deriving from
formaldehyde and acetone, are compounds of interest especially in the field of
green solvents. The reaction of acetalization was studied by comparing two
types of catalysts such as Amberlyst resins and AlF3-3H20, the latter never
previously investigated for this reaction. Although the acid resins proved to be
more active respect to AlF3-3H20, the most interesting result of this study was
that the aluminum fluoride has been able to effectively catalyze the
acetalization of crude-like glycerol, i.e. contaminated glycerol with common
impurities (water, methanol and inorganic salts) resulting from the production
of biodiesel in the biorefinery processing. On the other hand, the same crude
reagent rapidly and irreversibly deactivate the Amberlyst system. XRD
characterization studies of AlF3:3H20 shown that the active phase of the
catalyst is conceivably a solid solution of the formula Alz2[F1-x(OH)x]6(H20)y as a

component of the investigated commercial sample.

»This part of the thesis work has been developed at The University of
Nottingham in the laboratories of the Clean Technology Group (CTG). The GTG

in collaboration with a leading company in the processes and technologies for



the use of niobium, is studying and developing new applications of niobium
oxides as catalysts. In this context the idea was to investigate continuous flow
methodologies for the dehydration of glycerol in the presence of a strong acid
such as niobium phosphate (NbOPO4). The thesis work has therefore focused
on the Skraup reaction for the conversion of glycerol into quinoline, with the
aim of replacing the conventional catalyst (concentrated H2S04) with such
oxide. The reaction was initially studied with aniline as a model amine and then
extended to a variety of aromatic amines. In all cases, niobium phosphate have

proven to be a catalyst for the Skraup condensation.

The thermal synthesis with organic carbonates (OCs). The OCs, in particular the
lightest terms of the series dimethyl carbonate and diethyl carbonate (DMC and
DEC) are non-toxic compounds considered among the most promising green
reagents for both the alkylation reactions and transesterification. In the thesis
work, the thermal transesterification was particularly investigated (without
catalyst) in a continuous flow of DMC, DEC and dibenzyl carbonate, with
glycerol and its acetals. This unconventional method has proved to be very
effective. Not only the feasibility of the thermal reaction is demonstrated, but
the optimization of the main parameters (T, p, and flow rate of the reagents)
has allowed to isolate transesterification derivatives with excellent yields. In
the absence of any catalyst, the flow in the reaction can be performed virtually
indefinitely, with simplified downstreaming operations for the purification of

the products with high productivity.
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1. INTRODUCTION

1 INTRODUCTION

1.1 The energy supply

Energy is indispensable for human life and a secure supply is crucial for the
sustainability of modern societies. In the last two centuries, the growth of the world
population from 1 to 7 billion people has brought about an increase of global energy

consumption from 20 to over 500 exajoules in 2010 (Figure 1.1).1
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Figure 1.1. Stacked graph of the global primary energy consumption2

Not surprisingly, this hunger for energy is the most critical aspect dealing with the
survival of our Planet and one of the great issues that the current energy business has to
cope with is how best to sustain basic operations including heat, light, transportation and
services as well as the production of necessary goods. According to the U.S. Department of
Energy, fossil fuels and nuclear power account for nearly 90% and 5% of the world energy,
respectively, while only a minor residual share is offered by alternative renewable sources.3
Both private and public sectors have been and are debating on solutions to not deplete fossil
sources, but the answer still seems a long way off with all the consequent implications from
social and environmental standpoints. At present, the only certainty is that the global fossil

fuel consumption is expected to further increase by 2020.
1.1.1 Crude oil and related issues

Historically, wood was the first energy source used by mankind, but it then appeared

that coal and fossil fuels were more convenient: they were not only very stable and



1. INTRODUCTION

abundant, but also much more effective to satisfy human needs. These two sources were so
used for centuries. With the advent of the industrial revolution in 19t century, as the
mankind creativity exceeded expectations, liquid fossil fuels saw an apex on their
consumption because they proved to be more active and flexible with respect to their solid
counterparts. Furthermore, also gaseous (fossil) fuels started to be used to produce energy
and implement new technologies. This transition from wood to coal, and then to oil-derived

liquids and gases wrote the eras of the different traditional fossil fuels.*

Today, there is no doubt about the leading role preserved by oil for both the energy
production and the chemical manufacture of plastics, solvents, fertilizers, pesticides and

pharmaceutics, etc.> Of the major advantages, the three most consistent aspects include:

e High Energy Density. Oil has one of the highest energy density among the known
sources, which means that a small amount of oil can produce a large amount of energy. This
makes oil the most convenient choice to prepare transportation fuels.

e Availability. Oil is widely distributed in several geographic regions of the Earth both
in emerged lands and deep seas. A massive infrastructure network including ships, pipelines
and tankers, exists to transport oil from drilling wells to the refineries plants.

e (onstant quality and flexible uses. Unlike solar and wind energies, oil can produce
power through highly reliable supplying services, most often operating on a 24/7 basis.
Moreover, no other sources can compete with oil for the synthesis of chemicals as well as for

the manufacture of many items of daily life.

On the other hand, the use of oil has also some remarkable undesirable consequences. Two

of them are of utmost importance:

e Fluctuating price. The fluctuation of crude oil price largely depended on the historical
events which involved oil-producing Countries and/or the major upheavals of financial
markets (Figure 1.2). Such an instability caused severe economic problems over the years:
for example, according to some analysts, the variability of the oil price was one of the large

contributors to the Euro crisis that hit southern Europe in 2007-08.6
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Figure 1.2. Oil price fluctuations and related events.”

It should be noted that changes of the crude oil price affect primarily the energy
generation and transports, but they also impact on many other subsidiary businesses and

service trades.

e The environmental issue. Looking at the crude oil issues only from the economic point
of view, one risks to miss the real-world problem which is simply summarized by the fact
that our World is finite. The Earth cannot offer infinite resources nor it has the unlimited
ability to handle the excess pollution deriving from the exploitation of fossil fuels. Crude oil,
coal and natural gas are by their own nature not renewables meaning that they cannot be
regenerated once oxidized by combustion processes, and even most importantly, the
burning of hydrocarbons emits immense amounts of greenhouse gases (GHG) in the Earth
atmosphere. Scientific investigations leave no doubts that the rapid growth of GHG is raising
the Earth’s temperature and it is changing the climate with many potential catastrophic
consequences.8 If the model case of CO2 (the most important GHG) is considered,® in 2013,
the atmospheric concentration of this gas reached a level of 396 ppm which corresponded
to a growth of about 42% compared to the pre-industrial era.l® Anthropogenic CO:2
emissions are the largest contributor (63.5%) to the global warming (Figure 1.3), and due

to fossil fuel combustion, they are expected to rise of about 32% from 2007 to 2030.11


http://context.reverso.net/traduzione/inglese-italiano/subsidiary+businesses
http://context.reverso.net/traduzione/inglese-italiano/trades
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Starting from the Kyoto Protocol (December 1997) followed by 15t Conference of
Parties to the United Nations Framework Convention on Climate Change (Copenhagen,
December 2009), and the recent COP-21 (Paris 2015),13 massive efforts have been
addressed to limit GHG emissions through policies agreed from Governments of many
different Countries. These strategies have marked important turning points aimed at
lowering GHG via a gradual increase of the use of renewable energies which are intrinsically
beneficial to the Environment,1* may reduce healthcare costs,> and make non-producer

Countries less dependent on fluctuations of oil prices caused by geopolitical factors.

The GHG release is not the only environmental issue to be considered. Oil spills from
oil tanks and drilling wells represent another concern which may literally devastate entire
ecosystems. Only to cite few cases, the disasters of the sinking of Exxon Valdez (Prince
William, Alaska, 1979) and Haven tankers (Genoa, Italy, 1991) and the explosion of semi-
submersible offshore oil drilling rig Deepwater Horizon (Gulf of Mexico, USA, 2010) are

among the most sadly famous examples.16

Ultimate solutions to these critical problems are far from being established.

Nonetheless, a perspective may be offered by the use of biomass-derived feedstocks.
1.1.2 Biomass vs fossils: carbon footprint and renewability

Most abundant and widespread types of biomass come from plants including wood,
crops (wheat, maize, rice, etc) and agricultural wastes, while a minor source (about 10% of
the total available amount) of organic decomposable matter derives from food waste and
manure.l” By its own nature, biomass is an immense carbon sink: if fully combusted for the

production of energy, the direct carbon emission in the form of CO2 produced from
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(vegetable) biomass is offset by the carbon fixation during photosynthetic processes
involved in the growing stage of plants.18 Though, the entire cycle cannot be considered truly
carbon-neutral since a net carbon footprint is caused by the indirect carbon emission

generated along the supply chain of biomass, especially by transportation activities.1?

The concepts of the carbon cycle and quasi-zero carbon emissions offer important
marking points to distinguish the characteristics of biomass from fossil resources. Another
fundamental feature stands on the renewability of biomass which is its capability of being
continuously replaced and indefinitely available within a natural ecologic cycle occurring in
the human lifetime. Biomass belongs to resources that will not deplete the earth wealth for
the future generations as they can be continually regrown or regenerated at a rate higher or
equal than that they are consumed.2? Since renewability implies the replication of Nature’s
processes, the occurrence and use of biomass share both the strength and weakness of
natural transformations and events. Biomass is obviously intrinsically eco-compatible, but
it possesses a low energy density (energy per unit volume) and a high specific land use
(energy per unit area). Moreover, i) vagaries of Nature including storms and floodings do
not allow to secure a steady production of biomass, and ii) biomass resources are often
available only in remote locations which means that building infrastructures, to transfer

biomass energy over long distances to urban settings, would tend to increase its cost.

On balance however, the use of biomass must be explored and implemented especially
in those regions (e.g. in Europe) where it is imperative to reduce the dependence on foreign
imports of crude oil and natural gas. Beyond the energy supply, biomass may become also
an excellent feedstock for the production of a variety of chemicals from lubricants, to

plastics, building materials, etc.21

Of the different types of biomass, two categories can be considered of major

importance:

Lignocellulose and starch. As already stated, photosynthetic processes allow plants to
combine solar energy, carbon dioxide and water to form mainly carbohydrate building
blocks (CH20)n. Carbohydrates are stored in plant cells in the form of polymeric structures
such as cellulose which is comprised of glucose units linked via (3-glycosidic bonds, and
hemicellulose which is a copolymer composed of Cs and Cs sugars (e.g. xylose and
arabinose).22 The relative proportions of these two polymers depend on the type of plant

and they usually range from 30-60 wt% for cellulose and 10-40 wt% for hemicellulose.
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Another significant component is lignin. This is the third most abundant structural
polymeric material found in plant cell walls comprising up to 20-30% of vegetable biomass
(Figure 1.4).23 Lignin is non-carbohydrate polymer based on an aromatic crosslinked
structure derived principally from coniferyl alcohol. The major function of lignin is to bind
hemicellulose and cellulose together in plant cell walls and shields, thereby protecting the
cell from enzymatic and chemical degradation. Lignin is also the only known renewable

source of aromatic compounds.
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Figure 1.4. Membrane structure of plat biomass.23

Plants are also able to produce starches which are another important family of
substances designated to energy storage. Similarly to cellulose, starches are biopolymer
based on glucose units, but in this case, the single monomers are linked via a-glycosidic
bonds. This peculiarity imparts a non-rigid crystal structure to starches that, unlike

cellulose, can be easily hydrolyzed.

Lipids. Different kinds of plants including palm, soybeans, sunflower, rapeseed and
microalgae are excellent sources of triglycerides (triacylglycerols, TGs), which are the main
components of oils or fats (lipids).2# Lipids are a broad group of naturally water-insoluble
molecules, which includes fatty acids, waxes, sterols, oil-soluble vitamins, phospholipids,
terpenes and others. TGs are formally esters of glycerol with three different (or identical)
molecules of fatty acids. This structure makes them high-energy density materials which
beyond common uses for cooking, food purposes, lubricants and raw materials for

detergents and chemicals, find remarkable applications also in the biofuels sector.
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1.2 The Biorefinery: definition, current status and perspectives

As above mentioned, biomass derived feedstocks represent the best option to both
reduce the consumption of fossil fuels and mitigate climate changes. A biorefinery is the
facility able to integrate processes and equipment for the conversion of almost all the types
of natural feedstocks into different classes of transportation biofuels, power, and
chemicals.25 Similarly to oil-based refineries, where many energy and chemical products are
produced from crude oil, biorefineries will produce many different industrial products from

biomass (Figure 1.5). 26

« Waste

Figure 1.5. Comparison of petro-refinery vs biorefinery.26

Among the several definitions of biorefinery, one of the most exhaustive description was
recently coined by the International Energy Agency (IEA) Bioenergy Task 42: “Biorefining is

the sustainable processing of biomass into a spectrum of marketable products and energy”.2”

It should however be noted that main biobased products are today obtained from
conversion of biomass to basic products like starch, oil and cellulose, and most of the existing
biofuels and biochemicals (e.g. lactic acid, amino acids, etc.) are currently produced in single
production chains. This means that the manufacture does not occur within the concept of an
integrated biorefinery, and it often requires materials that may be in competition with the
food and feed industry. If a forward looking approach is the stepwise conversion of large
parts of the global economy and industry into a sustainable biobased society having
bioenergy, biofuels and biobased products as main pillars, then new synergies among
biological, physical, chemical and technical sciences must be developed to improve the
exploitation of biomass-derived feedstocks and generate the bio-industries of the future.28
For example, through a better use of lignocellulosic crops which, in comparison with
conventional crops, are able to: i) reduce the competition for fertile land since they may be

grown on lands not suitable for agricultural crops; ii) rely on larger yields of biomass per
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hectare since the whole crop is available as a feedstock. Moreover, technologies for the
conversion of biomass must be designed to be totally (or for the most part) carbon neutral,
meaning that they must avoid/minimize the consumption of non-renewable energy
resources and the related environmental impacts during biorefinery processing.2? To cope
with these objectives, biorefineries are expected to develop as dispersed industrial
complexes able to revitalize rural areas. Unlike oil refinery, which almost invariably means
very large plants, biorefineries will most probably encompass a whole range of different-
sized installations able to process different flows of raw materials in order to maximize the
use of all biomass components. The overall setup will take advantage of the implementation
of a series of task-specific unit operations in each bio-plant which will favor an integrated
bio-industrial systems, where the residue from one bio-industry (e.g. lignin from a
lignocellulosic ethanol production plant) becomes an input for other factories.30
Accordingly, high-value low-volume (HVLV) will enhance profits, while low-value high-
volume (LVHV) compounds will be converted into fuels to help the global energy demand

through renewable feedstocks.

Going back to the current situation, even if the biorefinery world is relatively young, it
has already evolved since its first formulation. This progress has been dictated by the need
of improving both the conversion of the starting materials and the flexibility of bio-factories.
The first model was the so called phase 1 biorefinery: this was designed to receive a single
input (i.e. only one bio-feedstock) and produce a single output (a defined product) through

a single well-defined process (Figure 1.6, top).

PHASE 1 BIOREFINERY \é

_ PRODUCT2
_ PRODUCT3

- _PpRODUCT2
_ PRODUCT3

PHASE 2 BIOREFINERY

PHASE 3 BIOREFINERY

Figure 1.6. Evolution of the Biorefinery.
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A dry mill ethanol plant, illustrated in Figure 1.7, is an example of a phase 1 biorefinery
which produces a fixed amount of ethanol, other feed products, and carbon dioxide and has

almost no processing flexibility.30
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Figure 1.7. Representation of a dry mill ethanol process plant. 3°

Such an approach however, was neither versatile nor economically sustainable. The
natural advancement was the establishment of phase 2 biorefineries in which different
processes could be implemented to produce more than one product from a single feed
(Figure 1.6, mid). A remarkable commercial example of such an installation is the Novamont
plant which is operating in Italy for the conversion of starch (from corn and other crops) to
a range of chemical products, producing annually over 80000 tons of biodegradable
polyesters (Origo-Bi), biodegradable and compostable bioplastics (Mater-bi) and
biolubricants (Matrol-bi).31 However, considering that the nature and availability of bio-
feedstocks may be rather discontinuous depending on seasons and local harvesting, an ideal
refinery should be able to process different sources, also including bio-wastes. Such a facility
in which a mix of biomass feedstocks may be treated by several processes to obtain an array

of products identifies the phase 3 biorefinery (Figure 1.6, bottom).26

A phase 3 biorefinery must obviously employ a combination of technologies to obtain
higher-value chemicals and co-produce fuels (e.g. ethanol) to be used either for the
operation of the plant or sold in the market.3? Phase 3 biorefineries, namely, whole-crop,
green, and lignocellulose feedstock (LCF) biorefineries, have been already designed, but the
complexity of such arrangements is so high that these plants still do not have a commercial
exploitation. To cite an example, Figure 1.8 depicts the flow-chart of a whole-crop biorefinery
where raw materials such as wheat, rye, triticale, and maize can be used as input in different
unit operations. The overall conversion process initiates by the mechanical separation of

biomass (cereals and corn) into different components that are then treated separately. The
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straw undergoes high-temperature decomposition and gasification to produce lignin,
cellulose, and syngas, respectively. While, starch may be either mechanically treated to yield
bio-plastics, binders, adhesives, etc., or chemically/biochemically converted to produce
sugars and other derivatives along with ethanol as a bio-fuel. Syngas may be further used for

the synthesis of fuels and methanol through the Fischer Tropsch process.
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Figure 1.8. Representation of whole-crop biorefinery process and products. 30
1.2.1 Biorefinery feedstocks and their processing

A crucial step of any biorefinery system is the availability of a renewable, consistent
and regular supply of raw materials (feedstocks). A general initial evaluation is often
required to increase the energy density of feedstocks by reducing their transportation,
handling and storage costs. Then, a further distinction is between feedstocks coming from
dedicated crops, residues from agricultural, forestry and industrial activities, which can be
available without upstream concerns. The technological approaches that are used for the
treatment of such materials aim at the depolymerization and the deoxygenation of the
biomass components. Even though these (approaches) must be often jointly applied, they

can be divided in four main groups (a-d):

a) Thermochemical. There are three main thermochemical biomass transformation

processes to obtain energy and chemical products (Figure 1.9).
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Figure 1.9. Thermal biomass conversion processes.

The combustion treatment burns the organic matter in the presence of an
overstoichiometric oxidant (normally oxygen) to produce primarily carbon dioxide and

water. Heat is the final desired outcome.

The pyrolysis is the second thermochemical pathway which uses moderate
temperatures (300-600 °C) in the complete absence of oxygen. A set of complex reactions
convert the feedstock into liquid oil (or bio-oil), solid charcoal and light gases similar to
syngas3? including hydrocarbon gases, hydrogen, carbon monoxide, carbon dioxide, tar and
water vapor. A model flexible system used for the pyrolysis of cedar sawdust, coffee bean

residues and rice straw is shown in Figure 1.10.33
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Figure 1.10. Example of biomass pyrolysis system.33

The pyrolysis yields vary with process conditions, but for the biorefinery purposes, the
most desirable treatment should maximize the production of bio-oil (pyrolysis oils: tanks 1

and 2).
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The gasification is the third thermochemical treatment by which at very high
temperatures (700-1000 °C), biomass produces syngas (Hz and CO), CO2 and CH4.34 The
process can be further differentiated in direct (autothermal) and indirect (allothermal)
operating modes which are identified as: i) fixed-bed updraft, ii) fixed-bed downdraft, iii)
fluidised bed (bubbling and circulating, i.e. BFB and CFB) and iv) indirect fluidised bed
(steam-blown). For most biomass applications, the gasifiers are operated with air which
affords a product gas diluted with nitrogen. If a nitrogen-free gas is required for advanced
uses, this can be produced by an oxygen-blown gasification or by alternative indirect
processes including Fast Internal Circulation Fluidised Bed (FICFB) based systems. The
latter technology (FICFB) represents the most attractive option since a Nz-free gas is
generated from the gasification of biomass in the complete absence of oxygen. The basic idea
of this reactor is to separate the gasification and combustion and increase the calorific value
of the product gas without using oxygen. Biomass fuel is fed into the gasification zone where
it devolatilizes and gasifies in the presence of steam fed through the bottom of the bubbling
fluidised bed. Residual char from these reactions circulates with bed material into the
combustion zone where it is combusted with air in a circulating fluidised bed, heating the
bed material. Combustion gases are separated from the hot bed material, which is circulated
into the gasification zone, without mixing of the combustion and gasification product gases,
providing the heat for the endothermic gasification reactions.3> Under such conditions, the
conversion is generally complete, whereas, direct processes often produce carbon-
containing ashes. Examples of FICFB-processes have been developed by the Vienna
University of Technology,3¢ the SilvaGas process based on the Batelle development,37 and
the MILENA gasifier developed at the Energy research Centre of the Netherlands (ECN,
Figure 1.11).38
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Figure 1.11. Schematic representation of the MILENA gasifier (left) and the 5 kg/h lab scale MILENA indirect

gasification reactor at ECN.38

Syngas from FICFB-processes can be directly used as a stationary biofuel or can be
used as an intermediate (platform) to produce a wide range of chemicals such as alcohols,

organic acids, ammonia, methanol, etc.

b) Biochemical. The most common types of biochemical treatments are fermentation
and anaerobic digestion. These both occur at lower temperatures and have lower reaction
rates than thermochemical processes. The fermentation uses microorganisms or enzymes
to convert organic substrates into different products, usually alcohols or organic acids.
Ethanol is currently the most required fermentation product of sugars, specifically of
hexoses. Also, the fermentation of pentoses, glycerol and other hydrocarbons has been
investigated through customized micro-organisms.3° Anaerobic digestion involves the
bacterial breakdown of biodegradable organic material in the absence of oxygen at
temperatures of 30-65 °C. The major end product of these processes is biogas (a mixture of
methane, CO2 and other impurities), which can be upgraded up to >97% of methane content

and used as a surrogate of natural gas.*0

c) Mechanical/physical. Mechanical processes are usually applied before the utilization
of the biomass: these treatments do not change the chemical composition of the starting
materials, but only perform a size reduction or a separation of the feedstock components.#!
For example, the split of lignocellulosic biomass into cellulose, hemicellulose and lignin falls
within this category, even if some hemicellulose is partially hydrolyzed to the sugars

components.42

d) Chemical processes. The most common chemical processes for the conversion of

biomass are based on hydrolysis and transesterification reactions. Both transformations are
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carried out in the presence of different catalysts including acids, bases or enzymes:
hydrolysis is used to depolymerize polysaccharides and proteins into their component
sugars (e.g. glucose from cellulose) or other derivatives (e.g. levulinic acid from glucose),*2
while transesterification is primarily employed in the manufacture of biodiesel from natural
oils (see later on this chapter). Among other chemical reactions used in the processing of
biomass derived feedstocks are Fisher-Tropsch synthesis, methanisation, and steam

reforming.
1.2.2 Platform chemicals from biomass

Biomass is an exceptional source of chemical diversity from simple molecules to highly
polyfunctionalized substrates. A not trivial issue is therefore the identification of the most
promising products or families of compounds towards which research and investments
should be addressed. In the past fifteen years, of the many analyses performed to sort out
this complex scenario, the extensive work commissioned by the US Department of Energy in
2004 to the National Renewable Energy Laboratory (NREL) and the Pacific Northwest
National Laboratory (PNNL) and its revision in 2010 probably represent the best guidelines
in this field.4344 These studies have proposed for the first time, a systematic and detailed
classification of bio-based chemicals by adopting concepts and selection conditions
employed in traditional petrochemical industry flow-charts. Starting from an initial list of
over 300 candidates, the use of screening criteria including the type of raw material, the
estimated processing costs, the estimated selling price, the chemical functionality, the
potential use and development in the market, etc., allowed to identify a restricted list of
compounds or building blocks, the so called top platform chemicals, which were grouped

according to the categories shown in Figure 1.12.
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Figure 1.12. Comparison between US DOE’s and Bozell & Petersen’s top bio-derived chemicals
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This approach has been further refined over the years,*> but current platform
compounds from biomass include most of structures of the original Top 10 list, particularly
mono- and di-carboxylic functionalized acids, 3-hydroxybutyrolactone, a bunch of bio-
hydrocarbons derived from isoprene, glycerol and derivatives, and few other sugars as

sorbitol and xylitol.

Interestingly, the selection criteria for the “revisited top 10” included (Table 1.1):44i)
significant attention in the literature; ii) the occurrence of technologies that could be
adapted to the production of the desired product but also for several other compounds; iii)
the possibility for a direct substitution of existing petrochemicals; iv) the involvement of a
technology for a high volumes production; v) the potentiality as a platform chemical, i.e. a
compound serving as starting materials for many other derivatives; vi) the engineering
scale-up or the existence of pilot and demo plants for that product; vii) the occurrence of the
product as an already existing commercial intermediate or commodity; viii) the role of the
product as a primary building block like olefins, BTX, methane, and CO in petrochemistry;

and, ix) the occurrence of a manufacturing process already recognized within the industry.

Table 1.1. Revisited top chemicals

Extensive Multiple Direct High Platform Industrial Exlstmg_ rn_fr::j\ry C(ir_m{lerua
Compound recent product substitute volume otential scaleu c cia 1 d
literature applicability product P P 1 product block product

Ethanol e+ +4+ +4+ +4+ +++ +++ +++ et et
Furfural +H++ ++ + ++ + + +++ ++ +++
HMF2 +++ ++ + + ++ + + ++ +
FDCA2 e+ + + +4+ ++ + + + +
Glycerol e+ +4+ +4+ +4+ +++ +++ +++ e+ ot
Isoprene +++ ++ +++ +++ + +++ +++ + +
BHCa ++++ ++ +++ + + + + ++
Lactic acid +++ +++ + +++ ++ + ++ +
Succinic acid +++ +++ + + +++ +++ + +
HPA2 +++ + +++ +++ ++ + + +
Levulinic acid +++ ++ +++ ++ ++ 4+ + 4+ +
Sorbitol +++ +++ +++ +++ +++ +++ ++4+ 4+ +44+
Xylitol +++ +++ + + +++ + ++ +++ ++

+
+
+
+

2 HMF=Hydroxymethylfurfural; FDCA=Furan-2,5-dicarboxylic acid; BHC=Biohydrocarbons; HPA= 3-

hydroxypropionaldehyde. +++: high; +:low.

Although authors clearly stated that such an analysis included a degree of subjectivity
due to the rapid change and expansion of the biorefining industry, a peculiarity was that, in
analogy to previous DOE report, the “revisited Top 10” identified only three compounds with

full marks (triple star) with respect to all the selection criteria: ethanol, sorbitol and glycerol.
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On this basis and for the specific interest of this Thesis, the next paragraphs will briefly
review the current situation of biofuels, particularly of biodiesel, to best introduce the case

of glycerol and its derivatives.
1.2.3 Biofuels: some general aspects

The production of transportation biofuels is considered one the main driver for the
growth of the biorefinery market.#647 Thanks to their similarity to the common liquid
hydrocarbon fuels, biofuels do not require dramatic changes to transportation
infrastructures nor to combustion engines in which they are employed.*® Biofuels generate
significantly less GHG emission respect to their fossil counterparts: at best, they can even be
almost GHG neutral if efficient methods for their production are developed.#® A well-known
chronological classification describes 1st, 2nd and 34 generation biofuels in which the two

main families, i.e. bioethanol and biodiesel, are recognized (Figure 1.13).

First generation biofuels are obtained from seeds and grain such as wheat, corn and
rapeseed. Notwithstanding the high oil content of these materials and their easy conversion
to biofuels,?25 the production of such biofuels poses ethical and political concerns that
strongly discourage, if not prevent at all (at least in some regions), the use of edible sources
for any scope, except for food. By contrast, 2nd generation biofuels are produced from non-
edible biomass including wastes and lignocellulose, and they are currently seen as a genuine
sustainable alternative to both fossil fuels and conventional biofuels.?> 2rd generation
feedstocks are based on several non-edible oil plants such as miscanthus, switchgrass, sweet
sorghum, jatropha, karanja, tobacco, mahua, neem, rubber, sea mango, castor, and cotton.>0
These belong to the so-called “sustainable energy crops” which are grown specifically for
use as fuels from a low cost and a low maintenance harvest with high biomass yield even in

infertile land.4951
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Figure 1.13. First, second and third generation of biofuels>2

More recently, also algae have been considered as a raw material for 314 generation biofuels.
Due to an outstanding capability to convert solar energy into cellular structures, algae are a
highly productive source of TGs: for example, Botryococcus and Chlorella have a lipid content
as high as 50-80 wt%,>3 and they can double their biomass in a few days unlike land crops
that can be harvested only once or twice a year. The exploitation of algae however, is still

limited due to investment costs for harvesting and treatment of such feedstocks.>*

Bioethanol obtained by the fermentation of sugar is the most abundantly produced
biofuel. It accounted for more than 90% of total biofuel usage in 200655 and its consumption
boosted up by 44% in the period 2006-2009. At present, albeit at a slower rate, the
production of bioethanol continues to rise led by increases from Asia Pacific, South & Central

America and North America (Figure 1.14).56
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Figure 1.14. Trend of the global production (millions of tonnes of oil equivalent) of bioethanol and biodiesel

from 2005 to 2015.55
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The preferred feedstocks for this biofuel still remain food crops, particularly sugarcane
in Brazil and corn in the USA, but a great deal of research is devoted to improve the
production of the second generation bioethanol from waste biomass by optimizing the

pretreatment of cellulosic feedstocks.48

Biodiesel is the second most abundant renewable liquid fuel. The largest producer of such a
fuel is the European Union, accounting for 53% of all world’s production in 2010 (Figure
1.14).5155 Biodiesel also represents ~80% of the total production of European biofuels.>”
Although this manufacture is dominantly based on rapeseed as a feedstock, accepted raw
materials for biodiesel of second generation include jatropha and cottonseed. Stringent
environmental regulations have stimulated a large interest in biodiesel not only for safety,
renewability, non-toxicity and biodegradability in water, but also for the low sulfur content
and high flashing point that allows the biofuel to reduce vehicular emissions with respect to
conventional diesel.>® Supported by Governments which strive to increase energy
independence and meet the rising energy demand, the biodiesel market is expected to
further increase in 2020 especially in the US and Brazil which are currently ramping up
production at a faster rate than Europe. Surprisingly, the biodiesel price tracks very closely
with petroleum derived diesel prices. Accordingly with analysts, this is one of the main

reasons that can explain to increasing biodiesel production.>?

Chemically speaking, biodiesel is prepared by a rather simple transesterification of TGs
with light alcohols, more often methanol and ethanol, in the presence of a base (e.g. KOH,
NaOH, NaOCHs, etc.)®0 or even an acid catalyst (Scheme 1.1).61 The process consists in three
consecutive and reversible reactions were TGs are stepwise converted to diglycerides,
monoglycerides and finally to glycerol, while 3 moles of a fatty acid ester are produced.
Depending on the catalyst nature (acid or alkali), the reaction rate may follow first order or
second order Kkinetics, or even a combination of both.62 Colza, soybean and palm oils have
the most suitable physicochemical characteristics for transformation into biodiesel,
particularly for the proportion between saturated and unsaturated alkyl chains (R1, Rz, and

R3) in the starting TGs.0
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Scheme 1.1. Biodiesel production through catalytic transesterification of TGs

Notwithstanding its simplicity on paper, the biodiesel manufacturing has a number of
drawbacks, including: i) the soap formation (caused by the base catalyst); ii) the use of an
excess alcohol which has to be separated and recycled; iii) the need of neutralization of
homogeneous catalysts which produces additional wastes; iv) the expensive separation of
products from the reaction mixture, and v) the relatively high investment and operating
costs. Of the many available solutions to cope with these problems, two deserve a mention

for their innovation and efficiency.

The first one was patented in 2005 by the Institut Francais du Pétrole (IFP) that
disclosed a novel biodiesel process called Esterfif (Figure 1.15).63 Starting from vegetable
oils, the transesterification step was conducted using methanol in the presence of a mixed
Zn-Al oxide as a solid catalyst. The process was carried out at higher temperature and
pressure than conventional homogeneous methods, by employing two reactors and two
separators to shift the methanolysis equilibrium. At each stage, the excess methanol is
removed and recycled by partial evaporation, while the esters (biodiesel) and pure glycerol

(>98%) are separated in a settler.64

The second configuration was developed in 2006 by Gadi Rothenberg’s group at the
University of Amsterdam, and it was licensed to the Yellow Diesel BV Company. This plant
was especially suited to mixed feedstocks with high free fatty acid (FFA) content such as
used cooking oil, low grade grease, and in general, low-quality oils, waste oils and fats.®> The
process combined the reaction and the separation in a single step by using a reactive

distillation system.6®
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Figure 1.15. Simplified schematic of the IFP Esterfif biodiesel process based on two consecutive reactor-

separator stages

Whichever the technology used for the preparation of biodiesel, the reaction
stoichiometry of Scheme 1.1 shows that the amount of glycerol formed as a by-product is
equivalent to approximately 10 wt% of the total biodiesel. This evidence implied two
remarkable consequences: i) in the past fifteen years, as the biodiesel production steadily
grew, the market experienced an unprecedented glut of glycerol whose price collapsed all
over the World. In the EU (the major producer of biodiesel), the fall was almost by a factor
of 10, from $4000/tonn to $450/tonn, respectively, in the 2000-2010 decade.67.68 ii) the
overabundance of a low cost source of renewable carbon fuelled an enormous interest from
both Academia and Industry towards research programs for the conversion of glycerol and
its derivatives into energy and most of all, high-added value chemicals. This aspect largely

contributed to the ranking of glycerol on the above described Top 10 list (Table 1.1).

The upgrading of glycerol and its derivatives into chemical products has been also the

leitmotif of the present Thesis.

1.3 Glycerol

Glycerol was accidentally discovered in 1779 by the Swedish chemist K. W. Scheele
while he was heating a mixture of olive oil and litharge (lead monoxide). Scheele called this
new liquid the "sweet principle of fat",°® and shortly after, the compound was named
glicerine after the Greek word glykys meaning sweet. In 1824, Pelouze announced the

empirical formula C3HsO3. The immense potential of glycerol went largely untapped and did
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not become economically or industrially significant until dynamite was invented in 1866.
Although liquid nitroglycerine had already been invented by the Italian chemist Ascanio
Sobrero in 1846, the discovery that the mixing of nitroglycerine with silica (kieselguhr)
could turn the liquid into a malleable paste was of Alfred Nobel. This invention became the
first worldwide technical application for glycerol and thrusted it into economic and

industrial development.

Today, the vital role of glycerol is well established: it is a component of living cells and
natural energy reservoirs such as TGs which constitute vegetable and animal fats and oils,
and it occurs naturally in wines, beers, bread, and other fermentation products of grains and
sugars. Glycerol is also an outstanding versatile compound with more than a thousand of
applications and uses:7? the key of its success is a unique combination of physical and
chemical properties, compatibility with many other substances, and easy handling.
Physically, glycerol is a high boiling, water-soluble, clear, colorless, odorless, viscous and
hygroscopic liquid. Chemically, it is a trihydric alcohol, capable of being reacted as an alcohol

yet stable under most conditions.
1.3.1 Production of glycerol

1.3.1.1 Synthetic glycerol from propene

At the beginning of the last century, DuPont was the leading producer of dynamite
which derived from the soap manufacture. After the end of the World War I, the US
Government decided to implement the production of dynamite based on high yield reactions
using petroleum feedstock. However, only 25 years later, the first process was put on stream,
following the discovery that propylene could be efficiently converted to glycerol.’! The
reaction of propylene may actually occur through three different routes which involve the
intermediate stages summarized in Scheme 1.2: 1) allyl chloride-epichlorohydrin; 2)

acrolein-allyl alcohol-glycidol, and 3) propene oxide-allyl alcohol-glycidol.
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Scheme 1.2. Glycerol synthetic routes starting from propene

Interestingly, because of war (World War II) priorities, the first synthetic glycerol from
allyl chloride was not produced by US industries, but rather, by the German factory I. G.
Farben in Oppau and Hydebreck in 1943 (Scheme 1.2, route 1). This method became
available once the high-temperature chlorination of propene to allyl chloride (300-600 °C)
could be properly controlled. Allyl chloride was then oxidized with hypochlorite to
dichlorohydrin under mild conditions (25-50 °C). This first step yielded a mixture of 1,2-
dichloropropanol and 1,3-dichloropropanol in about 30% and 70% amount, respectively. In
a further reaction, 1,2-dichloropropanol was converted to the 1,3-isomer which without
isolation, underwent a ring closing process to epichlorohydrin: the reaction was promoted
by calcium or sodium hydroxide at 50-90 °C. Epichlorohydrin was finally hydrolyzed with

basic aqueous solution of sodium hydroxide or sodium carbonate at 80-200 °C.

In 1948, a similar production was begun also by Shell in Houston, Texas. However, a
major drawback of the allyl chloride-epichlorohydrin process was the co-generation of large
amounts of wastewater contaminated not only by inorganic, but also by toxic organic
chlorinated compounds such as 1,2- and 1,3-dichloropropane, 1,2,3-trichloropropane,
penta- and hexachlorohexane (Scheme 1.3).72 When Dow Chemical adopted the same
process in the late 70’s,73 the production of polluted wastewater was of 45000 tons/y. In
2006, the same Company considered the process no more economically viable and the plant

was shut down.74
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Scheme 1.3. The traditional industrial process via epichlorohydrin based on high temperature chlorination

of propene

The acrolein process for the production of glycerol was developed by Shell and implemented
in 1958 in a plant operating in Norco, Louisiana (Scheme 1.2, route 2). The major
breakthrough was that the Shell process did not require the use of chlorine.”> The initial
reaction was the oxidation of propene to acrolein, followed by the reduction of the aldehyde
to the corresponding allyl alcohol thorough the well-known mechanism of the Meerwein-
Ponndorf-Verley reaction.’® The allyl alcohol was then epoxidized to glycidol and finally,
hydrolyzed to glycerol. Eventually, at the beginning of 60’s, a third synthetic route for the
synthesis of glycerol was invented by the French Society Progil.”” The process started from
the direct epoxidation of propene to propene oxide and proceeded with the isomerization of
the epoxide to allyl alcohol in the presence of Lithium orthophosphate as a catalyst (Scheme
1.2, route 3). The overall procedure then continued according to the same chemistry of the

previously described Shell manufacture.

Today, the technologies of Scheme 1.2 are considered obsolete. Even the production of
epichlorohydrin does not come anymore through the use of propylene, but rather from
glycerol as a starting material.”8,7° Several Companies including Dow Chemical, Solvay and
Spolchemie have proposed to manufacture epichlorohydrin from the catalytic
hydrochlorination of glycerine followed by an internal nucleophilic displacement on (1,3-

dichloro)-i-propanol (Scheme 1.4).
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Scheme 1.4. Modern routes proposed for the manufacture of epichlorohydrin from glycerol
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This trend is obviously the result of the surplus of glycerol created by the
transesterification of fats and oils during the production of biodiesels. The
transesterification reaction along with the hydrolysis of natural oils and fats used in the
preparation of soaps, have almost completely replaced previous synthetic methods based
on propene. Native or natural glycerol is the term coined to identify the product derived

from petrochemistry-free routes.

1.3.1.2 Native glycerol

Besides the already discussed production of glycerol from biodiesel (Scheme 1.1,
paragraph 1.2.3), native glycerol is also obtained from hydrolytic reactions carried out by

high-pressure splitting processes (Scheme 1.5).
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Scheme 1.5. Hydrolysis of TGs for the production of native glycerol (top). Single-stage countercurrent

splitting process (bottom)

These transformations are more often performed under continuous-flow conditions.
In a typical configuration, water and the organic feedstock (oil or fat) are fed into a splitting
column in countercurrent fashion at 2-6 MPa and 220-260 °C: once the splitting has occurred
(with high pressure steam), fatty acids are discharged from the top of the splitter and an
aqueous solution of glycerol (~15-18 wt%), known as sweet water, is recovered at the
bottom. Such glycerol is extremely low in ash: a typical value is ca. 0.1% or less of inorganic
salts.”180 Also, lipases such as Candida Rugosa or Aspergillus Niger can be used to help the

hydrolytic step.8!

Native glycerol, although encountered only in small quantities, is also obtained from
the saponification (splitting) of neutral oils carried out in the presence of caustic alkali and

alkali carbonates.82
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Two other - far less used — methods for the production of native glycerol include: i) the
fermentation of alcohols.83 The fermentation can be interrupted at the glyceraldehyde 3-
phosphate stage by using sodium carbonate or alkali or alkali-earth sulfites. After reduction
to glycerol phosphate, glycerol is obtained in yield up to 25% by hydrolysis. ii) High
temperature hydrogenations of natural polyalcohols such as cellulose, starch, or sugar in the

presence of several type of catalysts such as Ru/magnetite.84

According to some market researches, the Asia-Pacific region is the largest world
producer of native glycerol: major manufactures are Malaysia, Indonesia, and the
Philippines which use palm oil and coconut oil as feedstocks.8> The second and third
producers are Western Europe and the United States, that obtain glycerol from biodiesel
refineries, vegetable oils, fats and animal tallow. These Countries were responsible for ~90%
of world production of glycerol in 2007.8¢ In 2010, it was forecasted that the global
production of refined glycerin should have more than doubled by 2015, thereby reaching 2

million tons (Figure 1.16).87
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Figure 1.16. A perspective for the global market of refined glycerol starting from 2009

Although updated market investigations are hardly available, a recent (2016) outlook
indicates that, unlike expectations, the refined glycerol imports in the US have decreased by
14% year to date (YTD) through October year on year (data from the US International Trade

Commission).88 The picture of US imports, in tonnes, is shown in Table 1.2.
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Table 1.2. US refined glycerine imports

YTD 2014 YTD 2015
Malaysia 49259 55977
Indonesia 45246 32043
Argentina 26103 13129

Total 132913 114457

A lack of demand from China and South America, the desire to export some out of
Europe and the need for the Asian producers to put additional product into the US market

have been considered as possible reasons for this trend.

The price of glycerol has also seen remarkable fluctuations over the years. Since 2003
the rapidly increasing glycerol oversupply caused a dramatic fall in the price of both refined
and crude glycerol. As mentioned above, the value of refined glycerol decreased to less than
450 $/ton in early 2010, while crude glycerol went almost to 0 $/ton.67 Despite several
conservative predictions, in the early 2012, the price started to rise: in the US, it was
recorded at 838-1014 $/ton with good global demand across several key end-uses (food-
grade and pharmaceutical applications). Eventually, in late 2013 the prices in the US were
around 900 $/ton and Asia’s vegetable refined glycerol prices were reported at an average
of 965 $/ton due to higher feedstock prices.®” Thanks to the combination of new
applications, market expansion in traditional sectors and replacement of other polyols, the
price of glycerol partly recovered since the 2009 historic lows. In 2014 in the US,
pharmaceutical grade could be bought for 900 $/ton, whereas crude glycerol was sold at

240 $/ton.8?
1.3.2 Purification

A remarkable drawback of native glycerol prepared by any of the above described
reactions is its rather low purity which may vary depending on the TGs source and on the
type of processing, but it is generally around or below 60%.5 For example, in a biodiesel
refinery, the glycerol side-stream contains methanol, water, inorganic salts (catalyst
residue), FFA and their esters, unreacted mono-, di-, and TGs, and other “matter organic non-
glycerol” (MONG) in varying proportions:°? a typical mixture may be comprised of <65 wt%
glycerol, 15-50 wt% MeOH, 10-30 wt% water, 2-7 wt% salts (primarily NaCl and KCIl derived

from the catalyst neutralization), and minor amounts of organics.
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Crude glycerol must therefore be purified and the degree of purity depends on the type
of application and and potential end use of the product. Particularly, a very high purity is
required in the food and pharmaceutical sectors. Refined glycerol found in the market is of
three different qualities: i) technical grade (>90%); ii) United States Pharmacopeia (USP, up
to 99.7%) and iii) Food Chemical Codex (FCCX, 95-100%).°1 Technical grade is mainly used
(when possible) as a reagent or a solvent/additive. USP glycerol is usually derived from
animal fat or vegetable oil and it is suitable for both pharmaceutical and food products, while

FCCX glycerin, still derived from vegetable oils, is appropriate for the food industry.

The technology developed for purification of glycerol derived from biodiesel is mainly
adapted from existing soap making industry: vacuum distillation and other treatments
including ion exchange and neutralization reactions and use of activated carbon, are
generally employed. As a rule of thumb, the purification is comprised of the steps shown in

Figure 1.17.92
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Figure 1.17. General stages in the glycerol purification process. 92

The first step involves the removal of FFA and some salts which may precipitate during
neutralization. The next step is finalized at concentrating the solution by evaporation. This
operation eliminates the residual alcohol (methanol or ethanol) from the glycerol stream.
The final refining step is often achieved by a combination of vacuum distillation, ion
exchange, and membrane separation and adsorption. As an example, a crude glycerol stream
may be purified by a combined set of electrodialysis and nanofiltration. Such a system has
been patented by EET Corporation that implemented a High Efficiency Electro-Pressure
Membrane (HEEPM) device able to operate in a batch, semi-batch, or continuous flow
mode.?2 Major specifications of this system include: i) capacities from 2 to 5000 m3/days; ii)
feed water salinity in the range 100-50000 ppm; iii) product purity to 2 ppm total dissolved
solids (TDS) ;%3 iv) 99+% water recovery with 99.9+% salt removal. After polishing, the

recovered glycerol easily meets USP glycerol standards (Figure 1.18).94
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Figure 1.18. Purification stages with the HEEPM device.%*

This membrane-based technique avoids evaporation, distillation and problems such as

foaming, carry-over of contaminants and limited recovery.

Whichever the method used, the purification of glycerol always involves rather
expensive operations or instruments. This implies that most often, the chemical upgrading
of glycerol (as a platform chemical) becomes economically viable only on condition that very
high-added value products are synthesised. Otherwise, the refining of glycerol might be a
cost not worth paying. Alternative routes should then be conceived for the straightforward
transformation of raw glycerol followed by the isolation of the obtained products. This
sequence may be more difficult to accomplish, but it is often cheaper and simpler than

refining the crude reagent and then proceeding with its upgrading.
1.3.3 Physico-chemical properties and major applications

Glycerol is a sweet-tasting, colorless, odorless, hygroscopic and viscous liquid at room
temperature. It possesses a highly flexible molecule able to form both intra- and inter-
molecular hydrogen bonds. There are 126 possible conformers of glycerol, all of which have
been characterized in a study using density functional theory (DFT) methods.?> In
condensed phases, the hydrogen bonding is responsible for a high degree of association of
glycerol: a molecular dynamics simulation suggests that on average 95% of molecules in the
liquid are connected.’® This network is very stable and only rarely, especially at high
temperature, releases a few short-living (less than 0.5 ps) monomers, dimers or trimers. In
the glassy state, a single hydrogen bonded network is observed involving 100% of the
molecules present. A highly branched network of molecules connected by hydrogen bonds

exists in all phases and at all temperatures.

Major physicochemical properties of glycerol are shown in Table 1.3. In its pure

anhydrous condition, glycerol has a melting point of 18.2 °C and a boiling point of 290 °C at
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atmospheric pressure, accompanied by decomposition. At low temperatures glycerol may
form crystals which melt at 17.9 °C. This crystalline state, however, is seldom reached

because of a strong tendency toward supercooling.

Table 1.3. Major physicochemical properties of glycerol at 20 °C

Molecular mass 92.09382 g/mol

Density 1.261 g/cm?3
Viscosity 1.5 Pas
Melting point 18.2°C
Boiling point 290 °C
Food energy 4.32 kcal/g
Flash point 160 °C (closed cup)
Surface tension 64.00 mN/m

Because of its three hydroxyl groups, glycerol has properties similar to those of water
and simple aliphatic alcohols (methanol, ethanol, propanol, butanol, and pentanol) with
which is fully miscible. The liquid-vapor equilibria of glycerol-water solutions have been
carefully investigated for their importance in distillation and fractionation operations,®” and
suitable theoretical methods are also available to predict the behavior of aqueous mixtures
of glycerol.?8 Other properties of such solutions including the freezing point, density,
viscosity, compressibility and refractive index have been detailed in the literature.?® Glycerol
is also completely miscible with phenol, glycol, propanediols, and several amines (e.g.,
pyridine, quinoline), while it displays a limited solubility in acetone, diethyl ether, and
dioxane, and it is almost insoluble in hydrocarbons, long-chain aliphatic alcohols, fatty oils,
and halogenated solvents such as chloroform. Glycerol also forms azeotropes with different
substances and ternary systems including glycerol-water-phenol and glycerol-ethanol-

benzene shows significant temperature- dependent miscibility gaps.100

Overall, glycerol possesses a unique combination of properties that makes it an
attractive compound for many industrial branches.101.102 Traditional applications currently
involve about 160000 tons of glycerol per year, of which pharmaceuticals, toothpaste and
cosmetics account for around 28%, while the manufacture of tobacco, foodstuffs and

urethanes represent 6, 11, and 11%, respectively. The remainder includes lacquers,
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varnishes, inks, adhesives, plastics (alkyd resins), regenerated cellulose, explosives

(nitroglycerine) and other miscellaneous uses (Figure 1.7).103
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Figure 1.19. Market for glycerol. 103

Glycerol is also increasingly used as a substitute for propylene glycol. Most of the
glycerol marketed today meets the stringent requirements of the USP and the FCCX.
However, technical grades of glycerol - not certified as USP or FCCX quality - are also

available.

Food industry. Glycerol is a non-toxic and easily digested compound largely used as a
sugar-free sweetener. In this sector, sorbitol is facing particularly stiff competition from
glycerol since the latter contains only 27 calories per teaspoonful and it is 60% as sweet as
sucrose. Moreover, glycerol does not raise blood sugar levels, nor does it feed the bacteria

that cause plaque and dental cavities.

Drugs, cosmetics, and tobacco. In the drug sector, glycerol is either a component of
medical preparations including anesthetics as the glycerin phenol solution, or it may be used
as the starting material for tranquilizers and vasodilators as the well-known nitroglycerine.
In cosmetics, glycerol is used as an ingredient of tinctures, elixirs, jellies and ointments, and
creams and lotion as a skin softener and moisturizer. It is also the basic medium to impart
smoothness, viscosity and brilliance to toothpastes. In this respect, it must be noted that
glycerol is similar in appearance, smell and taste to the toxic and cheap diethylene glycol
(DEG). This has often caused fatal accidents due to the fraudulent replacement of glycerol
with DEG.104 One of the last episodes dates back to 2007. The FDA blocked shipments of
toothpaste from China entering US via Panama.l® The toothpaste contained DEG which
causes the death of at least 100 people. DEG was produced by a Chinese factory which

deliberately falsified records to allow exports. Eventually, a batch of contaminated
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toothpaste also reached the EU market, and a number of poisoning cases were reported in

southern Europe.

Glycerin and other flavoring agents are sprayed on tobacco leaves before they are
shredded and packed. These additives account for about 3% of the tobacco weight and they

prevent the leaves from becoming friable and crumbling during the tobacco processing.

Miscellaneous uses. Glycerin can be used as a lubricant for applications where oils and
common lubricants can fail. For example, it is recommended for oxygen compressors
because it is more resistant to oxidation than mineral oils, and it is also used to lubricate
pumps and bearings exposed to fluids such as gasoline and benzene, which would dissolve

conventional oil-based lubricants.

Glycerol is a component of heat casings and special types of papers, such as glassine
and grease proof paper, which need a plasticizer to give them pliability and toughness. It is
also used in the cements production, embalming fluids, masking, shielding, soldering,
cleaning, ceramics, photographic, leather, wood treatments, adhesives, etc. Also, some
recently reported applications include the use of glycerol as a building block for polyethers

used too in rigid urethane foams.
1.3.4 The chemical reactivity and the major derivatives of glycerol

Chemically speaking, glycerol exhibits the typical reactivity of alcohols: the two
terminal primary hydroxyl groups are slightly more reactive than the internal secondary

hydroxyl group.

Several technologies are presently available for the chemical conversion of glycerol
into value added products.195106 The most investigated ones are focused on esterification,107
etherification,198 cyclization,68109110 gligomerization,111 oxidation,112113 hydrogenolysis,114
fermentation,’’> and aqueous-phase reforming (APR).11¢ The reactions and the

corresponding products are summarized in Scheme 1.6.
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Scheme 1.6. Most investigated chemical transformations of glycerol

The following section surveys reactions and products of Scheme 1.6 with a major focus
on topics that have been investigated in this PhD thesis: particularly, on (trans)esterification
and acetalization (cyclisation) processes and on derivatives such as glycerol carbonate and
glycerol acetals (further details will be given in chapters 2 and 4). Other reactions will only

briefly mentioned.

Esterification and Cyclisation. Glycerol carbonate [4-(hydroxymethyl)-1,3-dioxolan-2-
one: GlyC] is one of the top derivatives obtained by both transesterification and cyclization
reactions of glycerol. Physicochemical properties of GlyC are in between those of propylene
carbonate and glycerol.117 It shows an unusually large liquid range from -69 °C to 354 °C, a
flashing point of 190 °C, and a high solvency which makes it an excellent medium even for
inorganic salts.118 Moreover, GlyC exhibits a flexible reactivity due to its structure in which
three electrophilic and one nucleophilic sites are simultaneously present (a carbonyl carbon,
two alkylene carbons, and a hydroxyl oxygen, respectively). An interesting study has
demonstrated that a valuable multi-electrophilic synthon can be achieved through the

substitution of the hydroxyl group of GlyC by a tosyl function (Scheme 1.7).119
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Scheme 1.7. The flexible electrophilic reactivity of tosylated GlyC

In the presence of O-nucleophiles, the reaction of the tosylated glycerol carbonate (Ts-
GlyC) follows the HSAB principle:120 under basic conditions, hard alkoxides generated by
alcohols (as reactants) are able to regioselectively attack the carbonyl center of Ts-GlyC to
produce alkyl glycidyl carbonates (Scheme 1.7, top), while softer phenolate ions (from
phenols) form aryl ethers by replacing the TsO group (Scheme 1.7, bottom).

The versatile reactivity, the non-toxicity and the good glycerol-like biodegradability of
GlyC,121 account for the wide range of direct and indirect applications of this compound as a
green solvent122123124 an electrolyte carrier, a curing agent, a plasticizer/humectant for
cosmetics,125126127128 3 starting material for glycidol and epichlorohydrin,12° and
hyperbranched polyethers, polycarbonates and non-isocyanate polyurethanes.130.131,132

(Figure 1.20).

Direct
Solvent Indirect
Biobased, polar,
protic GlyC ethers s
. urfactants
Lithium and lithium ion batteries Poliglycerols -

Electrolytes liquid carrier Hyperbranched polyethers

Cement and concrete OJ< Glycidol ~— Chemical intermediates

Curing agent \\<i Epichlorohydrin
Cosmetics OH

Plasticizer Non-isgcyanate poliurethane
GlyC vinyl monomers

Detergent Coupling agents — Polymers

Figure 1.20. Major applications of GlyC

Although this is not an exhaustive list, it clearly indicates how the chemistry of GlyC
discloses a great potential that it is far from being fully understood and exploited. The
strategies for the synthesis of glycerol carbonate from glycerol are summarized in Figure

1.21.133
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Figure 1.21. Major strategies for the synthesis of GlyC from glycerol

In the following discussion, only catalytic reactions able to avoid/minimize (toxic)
reagents, solvents and wastes, and improve the process safety will be commented [paths a),
d), e), and f)]. Procedures involving harmful reactants such as phosgene and CO-derived

starting materials will not be considered [paths b) and c)].

The carbonation of glycerol by CO2 appears as the most obvious sustainable route
(path a):itis a highly atom economic process (AE: 87%) which involves renewable, safe, and
cheap reactants. However, thermodynamics limits the reaction:109134135136 the best
reported yield of GlyC is of only 34% by using Bu2SnO and methanol as catalyst and solvent,

respectively.137

The transcarbonation of urea with glycerol affords high conversions (>80%) and
complete selectivity towards GlyC in the presence of ZnO or ZnS04 as catalysts.138139 (path
f). The Zn-based systems however, dissolve in the reaction mixture making both their
recovery and the purification of GlyC quite difficult. Moreover, sizeable amounts of by-

product ammonia hinder a large scale implementation of the reaction.

The catalytic transesterification of either ethylene carbonate (EC) or dimethyl
carbonate (DMC) with glycerol has also been extensively investigated [paths d) and e)]. At

rather low temperatures (50-80 °C), several basic heterogeneous catalysts successfully lead
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to a conversion of EC as high as 85-100%, and good-to-excellent selectivities of 84-99%
towards GlyC.140.141 The main issue however, is the purification of the product from viscous
and high boiling liquids such as unconverted EC and ethylene glycol (EG) which forms as a
reaction by-product. This makes rather problematic the work up (mostly distillation and
filtration steps) of final reaction mixtures. Therefore, although the reaction of glycerol with
EC occurs under milder conditions with respect to DMC,142143 the latter is becoming the
preferred reactant for the synthesis of GlyC. Both the unreacted DMC and the co-product
methanol (bp: 90 °C and 64.5 °C, respectively) are easily removed and recycled after the
reaction is complete. Base catalysts including homogeneous (K2COs, triethylamine, ionic
liquids)!19 and heterogeneous (CaO, MgO, hydrotalcites)144145146147 gystems, have been
mostly used to the scope.l¥8 The mechanism accepted for such reactions is outlined in

Scheme 1.8: 149

. o ]
OH B OH /\T;J\g‘/ d/\

Ho._A_oH — Ho._k_o HO \)\/o\[rg\ + CHiOH + B
0

|
Y\;\/OH + CHiOH +B°
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Scheme 1.8. The general mechanism for the base-catalysed transesterification of glycerol with DMC

In the first step, the base catalyst activates the reacting glycerol by deprotonation of a
primary hydroxyl groups forming a glycerolate anion. This nucleophile attacks the carbonyl
carbon of DMC leading to methyl glyceryl carbonate and a methoxide leaving group (Bac2
substitution). An acid-base reaction restores the original base (B) and produces methanol.
In the last step, a secondary hydroxyl group is deprotonated and the stable cyclic product

GlyC forms through an intramolecular (Bac2) nucleophilic displacement.

Cyclisation. Acetals obtained by acid-catalysed condensations of glycerol with light (up
to C4) aldehydes and ketones are the most known cyclic derivatives of glycerol. More
specifically, glycerol formal and solketal resulting from the simplest aldehyde and ketone
(formaldehyde and acetone) respectively, have received a great deal of attention in this field
(Scheme 1.9).150.151 Both acetals are obtained in the presence of different homogeneous and
heterogeneous acid catalysts such as hydrochloric acid, acetic acid, amberlysts, transition

metals oxides and complexes and others.152.153,154,155
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Scheme 1.9. Most common cyclic acetals derived from glycerol. Glycerol formal (a 60:40 mixture of six- and

five-membered ring isomers) and solketal.

In particular, the acid amberlyst resins represent an interesting catalytic system. Being
a heterogeneous catalyst, they are suitable for CF processes and furthermore they can
promote the acetalization reaction of glycerol in mild conditions (rt-40 °C). Glycerol acetals
are viscous, dense, non-toxic and thermally stable liquids and can find application as solvet
for injectable preparations, paints, plastifying agents, insecticide delivery systems and

flavors.153

Etherification. Glycerol Monoethers (GMEs) are perhaps the most interesting
etherification products. As witnessed by the over 7000 patents in the last two decades,156
GMEs have an impressive number of applications mostly as intermediates and additives for
personal care products, pharmaceuticals, surfactants, fuels and lubricants.157.158 (Figure

1.22).

Detergents
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(printing, inks, Chemical
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Creams / OH \
(Antiseptics and Solvents
Antimicrobials) R=C1-C6
R=C4-C10

Pharmaceuticals Cosmetics
R= C12-C24 R= C4-C10

Figure 1.22. Applications of glycerol monoethers (GMEs)

Three approaches (a-c) have been used for the synthesis of GMEs from glycerol.

a) The first one is based on the straightforward alkylation of glycerol. However, under the
typical (basic) conditions of the Williamson reactions,159160 the selectivity is limited by the

similar pKa and reactivity of the three hydroxyl groups of glycerol which bring to the
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concurrent formation of di- or three-ethers as by-products. Other issues are the use of toxic
alkylating agents (i.e. alkyl halides or dialkyl sulphates) and the co-generation of salts to be
disposed of. In this respect, more promising alkylating reagents are alcohols which offered
excellent glycerol conversion and GMEs selectivity up to ~80% and 90%, respectively, in the

presence of Amberlyst 15 and 35 resins as catalysts (Scheme 1.10).161,162

o pf ey

OH Amberlyst 15
60°C, 8h
OH 80% selectivity (regioisomers)
OH o OH
o OH+HO o
Amberlyst 35 \)\/ \)V ~
160°C, 6h 90% selectivity (regioisomers)

Scheme 1.10. Synthesis of GMEs through the alkylation of glycerol by alcohols

b) The second strategy makes use of protection/deprotection sequences which usually
involve three steps: i) the synthesis of glycerol acetals; ii) the O-alkylation of acetals, and iii)
the removal of protective acetal group. Scheme 1.11 reports the sequence for the model case

of solketal.

\j)\H/ RX (or ROCO,R 0)(0 H0 HO oy
HO OH —
Acid cat. \\& Acid cat. ‘\<\
OR GME

Scheme 1.11. Synthesis of terminal GMEs through a protection/deprotection sequence

OR

Once the acetal is prepared, the OH-capped tether (hydroxyl methylene group of
solketal) undergoes a catalytic etherification reaction with both alkyl, tosyl, mesyl halides
(RX) and dialkyl carbonates (ROCO2zR), respectively.163164165166167 Finally, the O-alkylated

acetal is hydrolysed under acid conditions to provide the desired GME.

c) A third innovative route has been reported through the use of glycerol carbonate (GlyC)
to produce glycerol ethers. In this case, a K2COs-catalysed multicomponent reaction of
glycerol, phenol(s) and diethylcarbonate allows the formation of GlyC as an intermediate

which evolves to glycerol monoaryl ethers in very good yields (> 80%, Scheme 1.12).168
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Scheme 1.12. Synthesis of GMEs by a multicomponent reaction involving glycerol carbonate as an

intermediate

Oligomerisation. Several studies refers to the conversion of glycerol to oligomers as
etherification reaction. To avoid confusion, the reaction pathways of glycerol with itself to
form oligomers and polymers is better designated as oligomerization or polymerization.
Often, oligomers with 2-4 glycerol units are viewed as polyglycerols without a strict
differentiation where the oligomers end and the polyglycerol begins. Diglycerols finds wide
application in the cosmetics, food industry and polymer industry.16? For laboratory-scale
production of pure diglycerol, several direct syntheses routes were described.170171 A
polyglycerol is a highly branched polyol and is specifically produced by either anionic or
cationic polymerization of glycidol.172173 Hyperbranched polyglycerol possesses an inert
polyether scaffold. Each branch ends in a hydroxyl function, which renders hyperbranched
polyglycerol a highly functional material.

Oxidation. The dehydration/oxidation of glycerol yields a variety of products whose
formation depends upon the reaction conditions. Terminal carbons are more easily oxidized
than the central carbon atom:113 Accordingly, acrolein and hydroxypropionaldehyde are
favored over hydroxyacetone. All these compounds however, are precursors for polymers,
flavour enhancers, and intermediates in pharmaceuticals and cosmetics.53174175 Acrolein is

also synthesized by the biochemical oxidation of glycerol.”

Hydrogenolysis. The hydrogenolysis of glycerol into 1,2- and 1,3-PDO (propandiols)
finds remarkable industrial applications. In fact, millions tons of both diols are produced
annually and used as chemicals and solvents: plants have been put in operation by ADM,
Cargill, Virent and DOW.106 [n this respect, biochemical transformations allows the synthesis
of 1,3-PDO that is a highly added-value component in the polymer industry: an outstanding
example is the sorona fiberTM by DuPont, a co-polymer of 1,3-PDO and terephthalic acid.176

Fermentation. Availability, low price, and high degree of reduction make glycerol an

attractive carbon source for the production of fuels and reduced chemicals. Glycerol’s
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reduced state enables synthesis of reduced products at higher yields compared to common
sugars. Although the number of organisms able to use this reduced carbon source under
fermentative conditions is limited, K. pneumoniae, C. pasteurianum, and C. butyricum have
been exploited to produce several industrially relevant compounds at high yields and titers
including 1,3-PDO and n-butanol. In addition to these products, microorganisms naturally
producing compounds such as propionic acid and succinic acid have also been utilized to

produce these products through the anaerobic fermentation of glycerol.115

APR: syngas. From both industrial and innovation viewpoints, one of the major
achievements of the new chemistry of glycerol is the APR process,1’7 in which glycerol is
converted to syngas (Hz and CO mixture) over a Pt-Re catalyst operating at 225-300 °C.178
The overall process takes advantage of a favorable water-gas shift (WGS) thermodynamics
which allows a far less energy intensive reaction with respect to the traditional methane
reforming.17? Major features are shown in Figure 1.23. In the biorefineries, the production
of syngas is crucial not only to provide fuel for services, but also as a reactant for the Fischer-

Tropsch synthesis.180

Steam reforming Aqueous phase reforming
of methane of glycerol

CH, + H,0 — CO + 3H,

C3H803 + 3H20 —> 3C02 + 7H2
CO + Hzo h— C02 + H2

* T =700-900 °C - T=200-250 °C
* Complex and energy intensive process * Single step reactor
* Extra steps for CO removal * Lower energy consumption

* Near zero CO

* Suitable for large scale

* Renewable feedstock

e mmmmm e ——————

- Suitable for small scale H, production

.....................................

Figure 1.23. Production of syngas. Comparison between aqueous phase reforming of methane (left) and
steam reforming of glycerol (right)

1.4 Continuous-flow techniques: a greener perspective

In the past two decades, a significant amount of research has been addressed to the
development of ‘green’ techniques aimed at improving the environmental impact of
chemical syntheses not only by using clean reagents, solvents and catalysts, but also through
the choice of reaction conditions.18! To cite an initiative that probably acted as a driver in

this field, in 2007, the Green Chemistry Institute (GCI) as a part of the American Chemical
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Society (ACS), set up a roundtable in conjunction with a series of global pharmaceutical key
areas to facilitate the identification and development of sustainable manufacturing.182 The
panel of experts soon acknowledged the importance of continuous-flow (CF) processing
which was ranked as one the pillar technologies for research in Green Chemistry.
Consequently, many ‘big pharma’ looked towards new CF-techniques for green research and
production with a renewed interest.183 This trend has certainly continued and it has

expanded over the years until today.184

The same philosophy has also inspired a significant part of this PhD Thesis in which
CF-based procedures have been used as a tool to conceive and implement new green

processes for the upgrading of glycerol and its derivatives.

"Flow chemistry" encompasses a wide range of chemical processes taking place in a
continuous mode by allowing a reactants stream to flow through a reactor in which a catalyst
is often, but not always, placed. A simplified scheme of a CF-system for chemical reactions is

shown in Figure 1.24.

O e

] Y

A B Waste C

Figure 1.24. A general scheme for a CF-apparatus.

The apparatus is generally composed of the following components: i) one or more fluid
control devices (pumps) which deliver solutions of different reactants (A and B) to the
reactor section (light blue zone); ii) the reactor in which reactions occur under a precise
control of temperature and pressure iii) devices (oven/thermostate and back pressure
regulator) for the control of the temperature and the pressure of the reactor, and iv) an
analyzer for the monitoring of the reaction, and vi) suitable reservoirs to collect products,

and eventually disposed of wastes.
1.4.1 Flow reactors

CF-reactors can be divided into the following categories.18>
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Continuous stirred tank reactor (CSTR). Also known as vat- or backmix reactor, it is

primarily used for liquid phase reactions (Figure 1.25). 186

Motor » l Feed

P —
é Cooling jacket

Y
Mixed product

Figure 1.25. Cross-sectional diagram of a CSTR. 186

In an ideal CSTR, reactants are perfectly mixed and the temperature and the
reactants/products concentration are identical at every point inside the reactor. Thus, the
exit stream is modeled as being the same as that inside the reactor. This approximation
allows an easy calculation of the volume V necessary to convert the entering flow rate of

species j to the exit flow rate.

Tubular Reactor. It consists of a cylindrical pipe which normally operates under steady
state conditions, as is the CSTR. Reactants are continually consumed as they flow down the
length of the reactor with the concentration that varies continuously in the axial direction
through the length of the reactor. If one assumes that the flow has no radial variation, the
system can be approximated to the plug flow reactor (PFR) (Figure 1.26).

v
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Figure 1.26. The plug flow approximation.187

In PFR model, the velocity of the fluid is constant across any cross-section of the pipe and no
back mixing occurs. Also for their simple arrangement, ubular reactors find a number of

excellent applications.188189
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Packed-Bed Reactor. A packed bed reactor (PBR) is a hollow tube, pipe, or other vessel
that is filled with a packing material. The packing more often consists of small objects like
raschig rings or else appropriate designed solids (spheres, extrudates, etc.) which serve to
improve contact between reactants. Packed beds may also be made of catalyst particles or
adsorbents such as zeolite pellets, granular activated carbon, etc. Unlike homogeneous
reactions taking place in a PFR, in a PBR fluid-solid heterogeneous reactions occur at the
surface of the catalyst if used. Consequently, the reaction rate is based on mass of solid
catalyst, rather than on the simple reactor volume, and it may be sensitive to solid-liquid
mass transport phenomena. Several example can be found in the literarure.190191 The
efficiency of a continuous flow process is frequently described by the space velocity (SV)
which is the quotient of the entering volumetric flow rate of the reactants divided by the
reactor catalyst amount (or the volume if there no catalyst is used). SV indicates how many
reactor volumes of feed can be treated in a unit time.1°2 Depending on the physical nature of
the reactants, SV can be calculated by considering the reactant liquid, gas or mass flow rate
using Liquid-, Gas- or Weight hourly space velocity (LHSV, GHSV and WHSV respectively).

For instance, WHSV is calculated with the following equation.193

_ F h
WHSV (h~1) = % Eq.(1)

where Fa is the flow of the reactant A and Wcat is the amount of catalyst loaded in the

reactor.

An intriguing recent example of industrial importance is the CF-preparation of
Aliskiren developed by the Novartis-MIT Center for Continuous Manufacturing. Aliskiren is
a drug belonging to the class renin inhibitors and it is used to treat high blood pressure
(Figure 1.27).194 The flow synthesis of this molecule takes place in a continuous end-to-end
manufacturing plant: the process starts with the chemical intermediate 1 that
is melted and pumped into a tubular reactor (R1) at 100 °C, where it is mixed with amine 2
and acid catalyst 3, and reacts reversibly to compound 4. The process residence time is
nominally 47 h. The two-phase stream is separated using a membrane-based liquid-liquid
separator (S1): the organic phase contains only 1 and 4, whereas the aqueous phase
removes 2 and 3. The separated organic phase is fed into a two-stage, mixed
suspension, mixed product removal (MSMPR) crystallization process (Crl and Cr2).
Intermediate 4 then goes into the second CF-tubular reactor (R2) where the removal of the

Boc protecting group (Boc=tert-butoxycarbonyl) takes place in the presence of concentrated
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HCI as a catalyst. Compound 5 is achieved and it is purified by microfiltration membranes
(S4) a packed column (S5) of molecular sieves to remove water. A reactive crystallization is
eventually performed to create and purify the final salt 6. The overall CF-plant exemplifies a
platform to test newly developed continuous technologies in a fully integrated production

system, and to investigate the performance of multiple interconnected units.
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Figure 1.27. Top: Synthetic steps of CF-synthesis of Aliskiren from intermediate 1 to aliskiren hemifumarate
(6). Bottom. Left: continuous manufacturing plant for the synthesis of Aliskiren. The inset shows the

formulated tablets. Right: process flow diagram including the major unit operations.1%4

Other reactors. Several types of gas flow reactors (GFR) have been designed to deal
with continuous processes in the presence of gaseous reagents.19519 Particularly interesting
is the case of the tube-in-tube system which uses a semi-permeable membrane able to

control the solubilization of gaseous reagents into a reactant liquid stream (Figure 1.28).197
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Figure 1.28. Visual concept of tube-in-tube gas reactor.198

Flow photochemical reactors (FPR) have also revolutionized the way chemists deal

with either small- or large-scale reactions promoted by light.199,200,201

Continuous triphasic processes can be run with trickle bed reactors in which various

gas and liquid feeds are delivered to a fixed bed packed with a solid catalyst.202.203

The use of micro-reactors for CF-reactions has also been expanded considerably in
recent years. Micro-reactors (MR) are generally comprised of channels having volumes from
10 to 1000 pL.294 MR are usually planar objects roughly the size of a deck of playing cards or
a small dinner plate (Figure 1.29).

Figure 1.29. A CF-microreactor.205

The very low volume (per channel) allows the MR technology to be very effective in
gathering a large amounts of data with small amounts of material. Moreover, investigations
of chemical reactions on a small scale usually minimize issues with mixing and heat transfer.
Unlike the macroscale equipment, fluid behavior is dominated by non-convective, laminar

flow wherein only diffusion affects the mixing.
1.4.2 Flow advantages

With respect to batch reactions, CF-processes offers significant improvements in
mixing and heat management, scalability, energy efficiency, waste generation, safety, access
to a wider range of reaction conditions and unique opportunities in heterogeneous catalysis,

multistep synthesis, and more.206207,208,209
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Efficient Mixing and Heat Transfer. Both micro- and meso- reactors possess a high
surface to volume ratio which allows to absorb heat created from a reaction much more
efficiently than any batch reactor. Moreover, a high quality and precision of the mixing
regime is obtained in small path length (of few cm). This holds particularly true for micro-
scale reactor. Figure 1.30 shows the profiles of heat and mixing distribution for the model
exothermic neutralization reaction between HCl and NaOH.210 In the batch reactor, the
exothermic reaction brings about a strong temperature gradient since the cooling takes
place only at the surface of the reactor (left, top); by contrast, a much lower gradient — almost
at the detection limit - is noted in the MR (left, bottom). A similar behavior is observed also

for the reagent mixing.

3

‘- yom -

Figure 1.30. Exothermic neutralization reaction of HCl with NaOH: heath distribution in a batch reactor (top-
left) and in a microreactor (bottom-left); mixing efficiency in a batch reactor (top-right) and in a microreactor

(bottom-right).210

Reaction efficiency and product intensification. Batch reactions are often limited by the
atmospheric boiling point of the solvent or reagents. By contrast, flow reactors allow to
safely manipulate pressure and temperature far beyond atmospheric conditions, resulting
in improved energy, time, and space efficiency.211 An example is offered by the comparison
of methylation protocols carried out with conventional hazardous reagents such as methyl
iodide (Mel) or dimethyl sulfate (DMS), and the non-toxic dimethyl carbonate (DMC) as a

green alternative. Consider for instance, the O-methylation of naphthol (Scheme 1.13).
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Scheme 1.13. Naftol methylation. Batch vs flow conditions

With respect to methyl iodide or dimethyl sulfate, batch methylations by DMC are
limited by the lower reactivity of the carbonate: at the normal boiling point (90 °C),
undesired long reaction times are necessary (left). An autoclave must be used to access
higher temperature and faster rates, but this implies remarkable costs and scale-up issues.
On the other hand, the same reaction (DMC+naphthol) may be run on a simple CF-setup
which allows quantitative yields and reaction times as short as ten minutes.?12 Although
more energy is required to reach elevated temperatures, the CF-system is well suited to
insulation to prevent heat loss, and to the recycling of the energy given off from exothermic

reactions. These aspects greatly contribute to improve efficiency on a commercial scale.?13

In batch reactors, rapid and exothermic reactions are tricky and the corresponding
quenching operations are scale dependent.?14 As mentioned above, the effective heat
transfer of flow reactors allows to run reactions at higher concentrations than in batch
systems with a major benefit in term of product intensification. The material production may

often increase by a factor of 200-250 at identical reactor volumes.

Handling of poorly stable intermediates. Flow chemistry techniques allow to easily deal
with unstable intermediates without loss of yields and side-reaction runaways. A model

example is the Moffat-Swern CF-oxidation of alcohols carried out in a MR (Scheme 1.14).215
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Scheme 1.14. Moffat-Swern alcohols oxidation (top); undesired Pummerer rearrangements (bottom).

The flow reaction operates with a short residence time which ensures a double
advantage: i) the minimization of undesired side-reactions such as Pummerer
rearrangements (bottom). Unstable sulfonium intermediates proceed straight to the target
ketone; ii) the use of remarkably higher temperatures (0-20°C) in comparison with batch
reactions requiring cryogenic temperatures (-70°C). In this case, the MR provides a narrow
temperature profiles (closer to the ideal one) limiting the access to multiple reaction

pathways.216

Heterogeneous catalysis and recycling. In a continuous process, the (heterogeneous)
catalyst is usually confined in the reactor and the reagent mixture is allowed to flow over it.
This is the best configuration to combine the reaction and the product separation in a single
step and, at the same time, to reactivate and recycle the catalyst. Moreover, the catalyst may
have improved lifetime due to decreased exposure to the environment and reaction rates

enhanced through the use of high concentrations of the catalyst.217

Telescoping multistep reactions. The synthesis of fine chemicals sometimes requires
multistep sequences involving extractions, additions of several agents (quenching, drying
etc.), filtration, evaporation, purification, distillation and/or recrystallization. These
procedures require significant input of energy and materials that ultimately end up as large
amounts of waste. Continuous processing is particularly suitable for ‘telescoping’ reaction
sequences by integrating several operations into one (or a few) continuous process.218 This

strategy is well exemplified by the previously described synthesis of Aliskiren (Figure 1.27).

Scale-up. Continuous techniques allow to scale-up syntheses from grams to kilograms
without variations in yields, purities and safety. Three main configurations may serve to the
scope (Figure 1.31): i) a single flow reactor used for an extended time; ii) multichannel
parallel reactors (numbering-up process), or iii) a larger flow reactor by which an increase

of the total flow rate is allowed.
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Figure 1.31. The reaction scale-up under flow conditions: three possible configurations

Continuous processing has demonstrated a great flexibility for both laboratory and
pilot-plant scale-up of pharmaceuticals and fine chemicals.21° Particularly, the MR approach

has proved efficient for the scale-up of chemical reactions.220

Table 1.4 gives an exemplary comparison for an investment decision into a chemical
development pilot unit. In this calculation a MR array is invested in place of a 50 L batch

vessel in a pilot plant environment.221,

Table 1.4. Comparison of cost for production in a batch vessel and in a microreactor.

Parameter 50 L batch vessel Microreactors array
Investment 96632 € 430782 K€
Scale-up effort 10 man days 0 man days
Mean yield 90% 93%
Solvent consumption 10.0 L/Kg 8.3L/Kg
Personnel per facility 2 men 1 men
Production rate 427 Kg/y 536 Kg/y
Production cost 7227 €]y 2917 €/y
Cost advantage 2308529 €/y
Return on investment 0.14y

Albeit a higher initial investment is required, the MR plant saves scaling efforts,
requires fewer operating personnel, increases yields and reduces (moderately) the
consumption of solvent. Also, since MR-based technologies operate with very small volumes,
they allow to minimize safety concerns in the case of dangerous reactions involving

explosive or toxic reagents (diazo compounds, azides, etc.).222
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1.5 Aim and brief summary of the Thesis

The present Thesis work has been mainly carried out at the Universita Ca’ Foscari
Venezia in the laboratories of the Green Organic Synthesis Team (GOST). A part of the work
has been done at the University of Nottingham (UK) in collaboration with the Clean
Technology Group. Both the research groups have a long standing interest in the green and

sustainable chemistry.

The general aim of the project has been the development of green continuous-flow
synthesis for the chemical upgrading of glycerol and some of its derivatives into high added-
value products. Two different approaches were investigated for the implementation of CF-
protocols: in the first one, the reaction of glycerol with both ketones and aniline were
explored over solid (heterogeneous) catalytic systems, while in the second line, catalyst-free
reactions of glycerol and its acetals with organic carbonates were studied. The results have

been described and discussed into three chapters.
= Chapter 2: Glycerol acetalization

The continuous-flow acetalization of glycerol with model ketons was studied in the
presence of commercial heterogeneous catalysts such as Amberlyst resins and AlF3-:3H20,

the latter being never previously explored for this reaction (Scheme 1.15).

R4
OH o cat R
+ — oJ( 2+ H,0
no L _on * . N 2
Glycerol \/K/
cat: Amberlyst, AlF3-3H,0

Scheme 1.15. Continuous flow glycerol acetalization with commercial AlF3-3H20

Although organic resins (particularly Amberlyst-36) were more active than AlF3-3H20,
the major achievement of the study was that aluminium fluoride could efficiently catalyse
the acetalization of crude-like glycerol, i.e. glycerol contaminated by the common impurities
(water, methanol and inorganic salts) deriving from the biodiesel manufacturing in
biorefinery plants. By contrast, the same crude-like starting reactant rapidly and irreversibly
deactivated the Amberlyst system. XRD characterization studies of AlF3-3H20 proved that
the catalytic active phase was most plausibly a solid solution of formula Alz2[Fi-

x(OH)x]6(H20)y present as a component of the investigated commercial sample.

= Chapter 3: Glycerol aromatization with anilines
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This part of the Thesis work was developed at the University of Nottingham where the
Clean Technology Group in collaboration with a leader Company in Niobium-based
processes and technologies (CBMM: Companhia Brasileira de Metalurgia e Mineracao) was
exploring applications of niobium oxides and phosphate as catalysts. As a part of this project,
the idea of investigating CF-methods for the dehydration of glycerol in the presence of strong
acidic niobium oxides and phosphate was considered. The Skraup reaction was therefore
studied by replacing the conventional catalyst, i.e. concentrated H2S04,223 by such Nb-

derivatives (Scheme 1.16).

OH NH;  Nb oxide N
HO\)\/OH + O/ —}CF P + 3 H,O
Glycerol Aniline Quinoline

Scheme 1.16. Modified Skraup reaction by using niobium oxide in the continuous-flow mode

= Chapter 4: Catalyst-free transesterification with organic carbonates

Organic carbonates (OCs), particularly the non-toxic light terms of the series such as
dimethyl- and diethyl- carbonate (DMC and DEC, respectively) are considered among the
most promising green reagents for both alkylation and transesterification reactions. In this
thesis, the CF-transesterification of OCs including DMC, DEC, and dibenzyl carbonate, with
both glycerol and its acetals was investigated under thermal (catalyst-free) conditions. This
non-conventional method proved particularly effective: not only the CF-thermal reaction
was feasible, but the tuning of major parameters (T, p, and flow rates) allowed to isolate the
desired transesterification derivatives with excellent yields (up to 85-90%) and selectivity
(up to 99%), respectively. Scheme 1.10 shows some representative examples for the model

case of dimethyl carbonate (DMC).

Of note, in the absence of any catalyst, the CF-reaction could be run virtually
indefinitely, downstream operations for the purification of products were simplified, and a
high productivity (up to 68 mg min-1 compared to a CF-reactor of a capacity as low as 1 mL)

was achieved.
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2 GLYCEROL ACETALIZATION

2.1 Introduction

Linear and cyclic acetals are usually prepared by the condensation of an aldehyde or a
ketone with an alcohol (or a diol/polyol) in the presence of an acid catalyst. Owing to their
stability to aqueous and non-aqueous bases, to nucleophiles including powerful reactants
such as organometallic reagents, and to hydride-mediated reductions, acetals are among the
best known protecting groups for carbonyl compounds. Acetals however, may be of interests
also for their use as such. This happens for the case of native glycerol (co-generated in the
production of biodiesel) for which a promising route for its exploitation is the conversion to
the corresponding cyclic acetals (GAs: glycerol acetals). Well-known examples are the two
simplest GAs, i.e. solketal (2.1a) and glycerol formal (GlyF, mixture of isomers 2.2a and
2.22’), deriving from the reaction of glycerol with acetone and formaldehyde, respectively

(Figure 2.1).

o

0’\ ﬁ
o% Ho A O + HOJ/\/O
HO\/K/O (1,3-dioxolan-

1,3-dioxan-5-ol

(2,2-dimethyl-1,3-dioxolan- 4-yl)methanol
4-yl)methanol 2.2a (~40%) 2.2a' (~60%)
Solketal (2.1a) N J

~

Glycerol formal

Figure 2.1. Most common cyclic acetals derived from glycerol. Glycerol formal is a 3:2 mixture of six- and

five-membered ring isomers.

Like glycerol, GAs are viscous, dense, non-toxic and thermally stable liquids with
boiling points in the proximity and over 200 °C.12 However, since they are obtained by the
formal protection of two OH groups of glycerol, they possess polarity, hydrophobicity and
hydrogen bond ability that make them more similar to simple aliphatic alcohols.3# These
aspects account for major applications of GAs as safe solvents and additives in the
formulation of injectable preparations, paints, plastifying agents, insecticide delivery

systems and flavors.5
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The stability of GAs to oxidative conditions and their miscibility with biodiesel blends,
have been a key feature to investigate their potential as renewable diesel additives.® Diesel
can be blended with GAs, up to 10% v/v to fulfill the diesel specifications,”8 improving some
properties of the fuel. For example, Table 2.1 lists the viscosity, flash point and pour point
of some diesel blends obtained by the addition of different amounts of two GAs: 4-
methylpentan-2-one glycerol ketal (GK) and 4-methylpentan-2-one glycerol ketal octanoate

(EGK).? Data are compared to a diesel fuel as such.

Table 2.1. Characteristics of diesel blends with GAs

Blend label Acetal Density Viscosity Flash point  Pour point

(wt.%) (Kg/m3 at 15 °C) (mm2/s at 40 (§9] Q)

Diesel 0 842 2.70 61.1 -10
1 839 2.63 61.2 -14

3 843 2.65 61.5 -15

GK

6 848 2.68 62.1 -17

9 849 2.71 62.6 -19

1 841 2.66 62.4 -17

3 844 2.69 63.2 -19

EGK

6 855 2.70 64.7 -20

9 859 2.72 66.3 -22

All the GAs blends possess higher flash points respect to pure diesel making them
suitable additives. Open and patent literature reports that with respect to other additives,
such as the glycerol ter-butyl ethers (GTBE, see also introduction), the incorporation of GAs
in fuels can improve the quality of both standard (petrochemical-based) and bio-diesels by

reducing particulate emissions, pour point19 and viscosity.611.12

GAs find also remarkable applications in the field of scents or flavors. Examples are the
products obtained by the reactions of glycerol with phenylacetaldehyde and vanillin, which
lead to hyacinth and vanilla fragrances, in the presence of strong acids such as PTSA, HC],
H3PO4 and acidic divinylbenzene-styrene resins. (Scheme 2.1).13 These fragrances are
included in the list of the Flavor and Extract Manufacturers Association (FEMA-GRAS) which
offers naturally occurring or synthetically produced flavoring substances regulated by the

Food and Drug Administration (FDA).14
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Scheme 2.1. Reaction of phenylacetaldehyde and vanillin with glycerol and its derivatives for the production
of fragrances.

GAs can be used as solvents for pharmaceutical, veterinary, and agrochemicals
applications. In particular, GlyF (2.2a+2.2a’) is one of the few solvents which can be used
for injectables in veterinary medicine due to his very low toxicity. It possess a good solvent
power making it capable to dissolve APIs like ivermectine, oxytetracycline, and
sulfamethoxazole. In this field, a representative Company is Lambiotte & Cie that since 1970
has developed the use of formaldehyde as a reagent for the production of both linear or cyclic
acetals including GlyF.15 It should be noted that many of these compounds possess low
toxicity and ecotoxicity, thereby showing good profiles from both health, safety and

environment standpoints.

Among other uses, GAs based on long-chain carbonyl compounds have been reported

for the synthesis of surfactants with interesting biodegradability features.16.17.18

Last, but not least, GAs possess a short OH-capped tether (hydroxymethylene group)
which provides synthetic access to a number of other derivatives, mainly ethers, esters, and

carbonates.1?
2.1.1 Acetalization Catalysts

The broad spectrum of applications and interests for GAs has triggered research
towards improving the performance of acetalization catalysts. Besides the most common
acidic conditions, cases are reported in which the reaction is performed in a neutral or even
a basic medium.2% The following section reviews the acetalization process starting from the

less conventional systems.
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2.1.1.1 Neutral catalysts/conditions

The synthesis of cyclic acetals of polyhydric alcohols, can be performed under neutral
conditions by using fluorinated ketones. The reaction can be carried in two different ways,
that is by: i) heating a mixture of a halogenated ketone and the cyclic carbonate (Scheme
2.2), or ii) reacting an halogenated ketone with an alcohol or water to produce a hemiacetal

(or a hydrate) which in turn, is converted to a cyclic acetal

o FiC

0
Jj\ + 04 A o
F,C”~ “CF, HO \/k/o — 1o \/k/o

Scheme 2.2. Example of acetal formation using a halogenated ketone

CF;

In the presence of acid-sensitive substrates such as aliphatic tetrahydropyranyl (THP)
or tert-butyldimethylsilyl (TBDMS) ethers, N-Bromosuccinimide (NBS) may act as a

chemoselective catalyst for 1,3-dioxanation of various types of carbonyl compounds

(Scheme 2.3).21

1,3 propanediol (3 eq.)
(EtO)3CH (1 eq.),

NBS (2 mol® o
CHO S (2 mol%) > :>
MeOH (2 eq.), CH,Cl,, (o)
THPO RT, 8.5 h, 30 % THPO

Scheme 2.3. Example of acetal formation using NBS

The synthesis of acetals under neutral conditions occurs also in the presence of the

dimethylformamide/dialkyl sulfate adduct.20

2.1.1.2 Base catalysts

The base-catalyzed acetalization of glycerol has been recently achieved by using
layered double hydroxides (LDH) under microwave assisted conditions.?2 Both 5- and 6-
membered ring acetals have been obtained (Scheme 2.4). Mg-Al-LDH was the best system:
interestingly, the spent catalyst could be rejuvenated through rehydration cycles carried out

also under microwave irradiation.
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OH o

|| LDH H o H

OH + —_— X + X

o T
OH HO\/'\/ HO

Cinnamaldehyde

Scheme 2.4. Example of acetal formation using LDH

Strongly electron deficient substrates such as a- or a,3-halo- aldehydes and ketones
undergo acetalization in basic medium. In the presence of a strong base such as sodium

methoxide, a-hydroxyacetals or epoxyacetals, are obtained (Scheme 2.5).20

Br rt,2h Br
+ NaOR + ROH —_— OR
o (excess)  _NaBr or

e
@9 rt, 22 h 0
+ NaOCH; + MeOH ———» _+ NaCl
(o]] 75% o) °

Scheme 2.5. Example of acetal formation using sodium alkoxide

2.1.1.3 Acid catalysts

Acetalization reactions are most often carried out with strong mineral acid catalyst

such as sulfuric, hydrohalic, and p-toluenesulfonic (PTSA) acid. 20.23,24

Homogeneous catalysts. Strong homogeneous acids such as dry HCI catalyze
quantitative and chemoselective acetalization processes. Scheme 2.6 exemplifies the case of
a cortisone-based steroid: notwithstanding the presence of two carbonyls, only the more

reactive aldehyde group is converted to the corresponding acetal.2>
o} o—
/

o, MeOH, dry HCI, 2 min 0,
reflux, 12 min

o/

<

2N H,S0,, MeOH

AcO H,0, reflux

AcO
Scheme 2.6. Example of acetal formation using HC]

Recent literature and patents report the use of PTSA26 or H2S0427 also for the
preparation of GAs. Figure 2.1 shows a flow chart of this process which highlights how the
hydrophilicity of reactants and products and the nature of the catalyst impose time-
consuming and expensive steps of neutralization and distillation of the co-product water.

Moreover, water decreases the conversion by weakening the acid strength and solvating
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glycerol; not to mention, issues due acid corrosion.282° The azeotropic removal of water with
hydrocarbons or halogenated solvents offers a solution,3° but it is rather uneconomic and
dangerous for large scale preparations, and it becomes impracticable when low boiling

carbonyl reactants (e.g. acetone) are used.3!

PR ITRATON AND
ORI ST TRETHS

LMD 1
Hg T0 COLLEST 340 PRODUCT 247
'
SECOND FROOLCT CUT B R0UTES
i ¥ 1 BEAASTET 8T 4

SAVPLE & SHMATTRN FOR
GASLOUD D DNITIGREPMY
DRSS R TR AN

FORML DONTE B2

.
[ O OF MTLRE J
FESOE 15 CHRAES

i

METURE RES0UE & SMID

PURREOM O 10 AEXTANOY

Figure 2.2. Flow chart of a step-by-step bench process for the preparation of GlyF from paraformaldehyde
and glycerol using H2S04 as catalyst.

Of the many other homogeneous systems able to act as both Lewis acid catalysts and
dehydrating agents, inorganic Fe- and B-based salts and transition metal complexes should
be mentioned.3? Also, Brgnsted acidic ionic liquids (e.g., N-butyl- pyridinium bisulfate,
[BPy][HSO4]) have been recently introduced as water-removal micro catalytic reactors for

the synthesis of Gas.33

Heterogeneous catalysts. Elegant syntheses of GAs can be performed under
heterogeneous conditions which avoid both costly neutralization steps and the generation

of wastewater.

Different solid catalysts have been described for the model acetalization of glycerol
with acetone. For example, Ti02-Si02 mixtures prepared by sol-gel methods, have been
activated by the adsorption of water followed by a high temperature calcination.3* These
catalytic systems display a high density of Brgnsted acidic sites which are responsible for
excellent glycerol conversion and selectivity towards solketal of 95% and 90%, respectively,

at 70 °C and ambient pressure. Also, mixtures of mesoporous oxides of Ni and Zr (1% and
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5%, respectively) on activated carbon have been reported for the same reaction.35 Very mild
(45 °C, 1 atm) and solventless conditions can be used. The intercalation and dispersion of
porous NiO and ZrO2 species into the structure of activated carbon account for the catalytic
activity of these systems: at quantitative conversion of glycerol, solketal is achieved in up to

93% amount.

Another class of heterogeneous catalysts based on zeolites have been claimed for the
acetalization of glycerol with butanal.3¢ These solids can be differentiated by either their
pore structures and their acidity. Beta zeolite proves the best among the tested systems,
though all catalysts exhibited a selectivity to the five-membered ring acetal product as high

as 77-82%.

The reaction of glycerol with different carbonyl compounds including formaldehyde,
benzaldehyde, and acetone has been investigated also on Al-SBA-15.37 Not only an effective
preparation of acetals was reported, but also a peculiar switch of selectivity was noticed
from a 6-membered product using paraformaldehyde to 5-membered acetals when
benzaldehyde or furfural were used. Authors invoked both a kinetic control and the

occurrence of a torsional effect in 6-membered rings of cyclic and aromatic substrates.

Other solid acids for the preparation of GAs are sulfonated polystyrene-based resins

(Figure 2.3).

—CH—CH;—CH—Cl—CH—CH;—

@ SO;H@,SO;H

SOs;H
—CH-—CH,—CH—CH,—CH—CH,—CH~-

_iom SOsH

—CH—CHy—CH—CHy~—CH—CH,—CH~-

SO3H SOH

SO,H

Figure 2.3. Example of polystyrene sulfonated structure of an acid exchange resin (left) and a representative

picture of the resin beads (right)

Commercial Amberlyst-15 (A15) and Amberlyst-36 (A36) are perhaps the most used
of such resins. Some of their properties are reported in Table 2.2.3839 These solids are usually
available in the form of porous small beads (0.5-1 mm diameter) with a high surface area.

lon-exchange properties make the resins suitable for separation, purification, and
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decontamination processes, while the high acidity can be exploited for catalysis purposes.
For example, at T< 70 °C, A15 has been reported to catalyze the reaction of glycerol with
butanal or acrolein with very high selectivities to the corresponding acetals (>90%), while
at 50-110 °C, A36 is active for a high yield synthesis of GlyF from glycerol and
formaldehyde.40

Table 2.2. Comparison of the major properties of Amberlyst-15 and Amberlyst-36

Parameter Amberlyst-15 Amberlyst-36
Ionic form H* form H* form
Concentration of active sites > 4.7 meq/g >5.4 meq/g
Moisture holding capacity 52t057% 51-57%
Particle size 0.600-0.850 mm <0.425 mm
Average pore diameter 300 A 240 A
Total pore volume 0.40 mL/g 0.20mL/g
Maximum operating temperature 120 °C 150 °C

Amberlyst resins have been the first ever described catalysts for CF acetalization

methods, particularly for the preparation of Solketal (Scheme 2.7).41.4243

OH o Cat., CF )(
- ° (o)
Ho\)\/OH +)l\ rt-40 °C, 30 bar’ HO\/K/O

-H,0

Cat: Amberlyst-36
Amberlyst-15
Amberlyst DPT-1

Scheme 2.7. CF shyntesis of solketal with Amberlyst resins

However, to the best of our knowledge, the CF-preparation of GAs still represents a
largely unexplored area. The few reported papers prove the efficiency of Amberlyst resins
as well as conventional acid catalysts (as sulfuric acid),*041424445 hut they also highlight
major drawbacks including clogging of reactors and deterioration/deactivation of the
apparatus and catalytic beds, due to the viscosity of reactants and products and the co-
formation of water. These problems have pushed to engineering improvements of the CF-
technologies through the use of semi-batch or corrosion-resistant glass reactors, co-solvents

and even subcritical reagents.
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The same reaction has been investigated also in this Thesis work to compare the

activity of Amberlyst resins to that of an unprecedented catalyst such as AlF3-3H2O0.
2.1.2 AlF3-3H:0 as a catalyst for continuous-flow reactions

As a part of the research program of this PhD Thesis, the attention has been focused on
the acetalization of glycerol aimed at achieving a catalytic and robust continuous-flow
method able to be not only competitive to the above described procedures (Scheme 2.7), but
also to overcome their problems. In this respect, the choice of the catalyst has been obviously

the core issue.

A literature survey suggested to consider the commercially available aluminum
fluoride trihydrate (AlF3-:3H20, AF) as a potential new catalyst for the formation of GAs in
CF-mode. AF as such, or its dehydrated-, partly hydroxylated-, nano- and supported-forms
were already reported as acid catalysts for several processes such as halide exchanges on
hydrochlorocarbons,*047 aromatic alkylations,*84% hydrocarbon isomerizations>® and
condensation processes.’! Moreover, AF is a safe,52 highly thermally (up to 400 °C),
mechanically stable, and relatively inexpensive compound. At present, the major use of AF
is as an additive to the cryolite employed in the electrolytic preparation of aluminum.53

China dominates the world market of AF with over 50% of its production (in 2010).54

The study was articulated through two lines: i) in the first part of the work, the
feasibility of using AlF3-3H20 to catalyze acetalization reaction was investigated and most of
all, the performance of AF was compared to that of already known acetalization catalysts,
particularly Amberlyst resins; ii) in the second step, an in-depth analysis of AF was carried

out aimed at further exploring its potential and limitations in the synthesis of GAs.

The results of this study have been the object of a publication on the MDPI Open Access
Journal Molecules which, for the part developed within this Thesis work, is described in the

following paragraphs.>>

2.2 Results

2.2.1 CF-synthesis of Solketal: comparison of AF to Amberlyst resins

The model acetalization of glycerol with acetone was the reaction of choice to begin

the investigation (Scheme 2.8).
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Scheme 2.8. CF-acetalization of glycerol with acetone

The experimental apparatus used for the investigation of CF-acetalyzation reactions
was similar to that described in previous works of our research group.>6>7 It was composed
of twin HPLC pumps for the separate delivery of liquid reactants, a thermostated oven, a
static mixer, a reactor and a back pressure regulator. A detailed description of the overall

system is given in the experimental paragraph (see later on this chapter).

2.2.1.1 Catalysts comparison for the upgrading of different types of glycerol

The acetalization of glycerol with acetone was initially investigated in the presence of
Amberlyst resins which were reported as the most active catalysts for the process.
Particularly, Amberlyst 36 (A36) was used to set up the CF-system. AlF3-3H20 was then
considered to verify whether it could act as a reaction catalyst, and in the case, to compare
its performance to that of A36. A wide range of conditions were explored starting from tests
on different grades of glycerol: pure and blended with MeOH, variable amounts of water and
NaCl. The relative proportion of each additive was chosen not only to operate with
homogeneous solutions, but also to simulate the composition of crude glycerol (CG) deriving
from processes.>859.60 In fact, typical CG compositions include <65 wt % glycerol, 15-50 wt
% MeOH, 10-30 wt% water and 2-7% salts (primarily NaCl and KCl coming from the
neutralization of catalysts for the biodiesel manufacture). Table 2.3 summarizes the six
types of glycerols used in this investigation. For convenience, such reactants were labelled

as Glyc1-Glycé.

Due to solubility limitations, the use of pure glycerol (Glycl) required a 40 molar
excess of acetone to achieve a homogeneous solution at rt. For Glyc2-5 and Glyc6, the

acetone:glycerol molar ratio (Q) was set to 4 and 8, respectively.
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Table 2.3. Different types of glycerols used

Glycerol:additive molar ratio

Entry (wt% composition)2 Label
Gly MeOH H20 NaCl
1 (100) : : : Glycl
2 1(70) 1.2 (30) i i Glyc2b
3 1(68) 12(28) 03(4) i Glyc3b
4 1(53) 12(22) 2.4(25) i Glyc4b
5  1(495) 12(22) 24(25 0.08(25) Glyc5b
6  1(443) 03(44) 56(49) 0.08(23) Glycéb

ACS grade glycerol was used in all experiments. 2 Glycerol:additive molar ratio. The wt.% composition of the reactant
glycerol is shown in parenthesis. b Relative proportions of MeOH, water, and NaCl were adjusted based on references 57-
59.

Other conditions were adjusted according to those described in previous papers:43
tests were carried out at temperature and pressure from 25 to 100 °C, and 2 to 35 bar,
respectively.t Screening experiments allowed to choose the size of the reactor, the catalyst
loading, and the weight hourly space velocity (WHSV).62 These indicated that reactions could
be conveniently carried out using a cylindrical steel reactor (V= 0.875 mL; L= 12 cm; @ =
1/4“) filled with the catalyst (A36: 0.90 g; AF: 0.67 g), and fed in the upright position with
the reactant mixture at a WHSV of 2 [gglycerol h'! geat'1]. Since the acid loading of A36 was 5.1
meq/g (from Sigma-Aldrich), AF was used in a molar amount comparable to the acid
equivalents available in the resin. All experiments were monitored periodically for 24 hours
analyzing the samples by GC and GC/MS in order to evaluate both the glycerol conversion

and the product distribution. Each test was triplicated to check for reproducibility.63

Figures Figure 2.4a-c report the result obtained for the CF-acetalization of Glyc1-5
with acetone over A36 (0.9 g). Except for Figures Figure 2.4b, conversions and selectivity

were determined after 24 hours.

A36 was a highly efficient catalyst: at 25 °C, we noticed that it was active also operating
at a lower pressure (10 bar) than that previously reported (30 bar).424543 Under such
conditions, a substantially quantitative process was observed when either pure glycerol or
an almost equimolar glycerol/MeOH mixture were used (Figure 2.4a: Glycl and Glyc2,
respectively). A still satisfactory conversion of 82-85% was reached even in the presence of

sizeable amounts of water (from 4 up to 24 wt%) in the reactant stream (Glyc3 and Glyc4,
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respectively). The overall selectivity, defined as the percentage ratio of the desired
acetalization product (total of isomers 2.1a and 2.1a’) with respect to the conversion, was
always >99%: isomeric acetals 2.1a (solketal, preferred) and 2.1a’ were obtained in a rather

steady relative ratio of ~50 (dashed green profiles of Figure 2.4a-c).

The structures of products (2.1a and 2.1a’") were assigned by GC/MS analyses and by
comparison to an authentic commercial sample of solketal (2.1a). GC and GC/MS records
also indicated that both the conversion and the product distribution did not undergo any
appreciable change from the first two hours up to the end (24 h) of each CF-reaction.
Moreover, additional experiments - not shown here - with both Glyc2 and Glyc4 proved
that the catalytic bed could be reused for at least 48 hours without loss of activity or

selectivity.

However, the catalytic performance of A36 was dramatically affected by the addition
of NaCl. The CF-acetalization of Glyc5 that contained only 2.5 wt% of NaCl, showed a
progressive drop of the reaction conversion from 82 to ~5% in 22 hours (Figure 2.4b). After
that time, the catalyst was no longer effective. Any attempt to improve such an outcome by
using a fresh catalytic bed of A36 at higher temperature and pressure proved unsuccessful
(Figure 2.4c): even at 100 °C and 30 bar, the glycerol conversion never exceeded 7% and it
was comparable to that observed during blank runs carried out in the absence of any
catalyst. As reported also by other Authors,3164 the reaction could not be thermally
controlled. On the other hand, reported procedures for the reactivation the Amberlyst resin
by mineral acids (e.g. H2SO04) were not only time-consuming and corrosive, but also

incapable of restoring the initial performance of the catalyst.42
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Figure 2.4. CF-acetalization of glycerol with acetone using A36 (0.9 g) as catalyst. a) Conversion of glycerol
and selectivity toward the isomer products (2.1a and 2.1a") achieved after 24 h, at 25 °C and 10 bar, by
feeding different types of reactant Glyc1-5; b) profile of the glycerol conversion vs time obtained at 25 °C and
10 bar with the use of Glyc5 as the reagent; c) Effect of temperature and pressure on the conversion of Glyc5
after 24 hours. Other conditions: WHSV = 2; molar ratio acetone:glycerol was 40 and 4 for Glyc1 and Glyc2-

5, respectively.

AF was then tested. Commercial AlF3-3H20 (0.67 g, from Aldrich) was used as such and
after calcination in air at 500 °C for 5 h carried out according to an already reported
procedure:%5 the two samples were labelled as AF and AF., respectively. Although AF had
never been previously reported as an acetalization catalyst, experiments demonstrated that
in its presence, the investigated reaction was feasible. Figure 2.5a-c reports the results. By

contrast, the calcined compound AF. proved totally inefficient.

Two major facts emerged by the comparison of AF to A36: i) AF was less active than
the amberlyst resin when both pure and wet glycerol (Glyc1-4) were used. Consider for
example, the model acetalization of Glyc3 with acetone. Under the same set of conditions
(25 °C, 10 bar, WHSV=2, molar ratio acetone:glycerol=4, 24 h), the glycerol conversion was
3% and 85% over AF and A36, respectively (compare Figure 2.4a and Figure 2.5a). Only by

rising the temperature up to 100 °C, the reaction proceeded further to reach a steady 84%
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conversion also over the AF catalyst (Figure 2.5a). A further experiment carried out by using
the same catalytic bed for additional 30 hours, proved that both conversion (of Glyc3) and
selectivity did not alter with time (83 and >99%, respectively), thereby confirming the
robustness of the AF system. ii) Notwithstanding the demand for a higher reaction
temperature (100 °C), AF was able to induce not only the acetalization of Glyc1-4, but also
that of Glyc5: in all cases, the glycerol conversion was in the range of 78-84% (Figure 2.5b)
with >99% selectivity towards products 2.1a and 2.1a’ (dashed green profile). Regardless
of conditions and composition of the reactant mixture, the 2.1a/2.1a’ ratio was rather
constant (~40) and comparable to that achieved with A36. Such results were confirmed by
both prolonging the reaction of Glyc5 up to a time-on-stream of 48 hours and by reusing the
same catalytic bed for 3 subsequent tests under the conditions of Figure 2.5b. This proved
that AF allowed a stable and reproducible protocol, and it was a far superior catalyst than

A36 for the transformation of wet glycerol contaminated by NaCl (Glyc5).
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Figure 2.5. CF-acetalization of glycerol with acetone using AF as a catalyst. a) Profile of the glycerol
conversion vs temperature obtained at 10 bar, after 24 hours, with the use of Glyc3 as the reagent; b)
Conversion of glycerol achieved after 24 h, at 100 °C and 10 bar, by feeding different types of reactant Glyc1-
5 to the reactor; c) Effect of T and p on the conversion of Glyc5 achieved after 24 hours. Other conditions:

WHSV = 2;, molar ratio acetone:glycerol = 4.
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Additional experiments also demonstrated that in the presence of AF catalyst, the
reaction of Glyc5 with acetone was improved by an increase of the temperature in the same
way described for Glyc3 (compare Figure 2.5a and c in the interval between 55 and 100 °C);
though, the conversion profiles did not change when the pressure was raised from 10 to 30

bar (Figure 2.5c), this effect resembling that shown in Figure 2.4c.

Mixtures recovered after the acetalization of Glyc3 over AF were subjected to ICP and
ionic chromatography analyses for the determination of Al and fluoride contents (details of
the used procedures are given later in the experimental paragraph). For comparison, the
same measure (Al and F contents) were carried out also on a blank sample obtained by
flowing the reactants through the CF-system in the absence of the catalyst. Table 2.4 shows

the results.

Table 2.4. ICP and ionic liquid chromatography analyses for the estimation of the Aluminium and fluoride

content in the mixture recovered at the reactor outlet stream.

Entry2 Aluminium content (ng/L) Fluoride content (mg/L)
1 Glyc3 201.1 2.808
2 Blank 137.4 0.274

aEntry 1: after the reaction of Glyc3 over AF; entry 2: test in the absence of any catalyst.

The Al and fluoride concentrations were found to be ~64 ppb and ~2.5 ppm, respectively,
corresponding to a mass loss of the catalytic bed of maximum 620 pg per 40 working hours

(8 h/day per one week), with an insignificant incidence on the overall process.%°

Overall, the use of AF allowed unprecedented good results, otherwise not possible with
the Amberlyst resin, for the reaction of a crude-like glycerol such as Glyc5 with acetone to

produce the corresponding acetal (solketal) via a straightforward CF-mode.

The study was then continued to further explore the potential of AF as an acetalization

catalyst.

2.2.1.2 Reaction productivity with AF

The reaction of the two crude-like glycerols Glyc5 and Glyc6 was compared by using
different acetone:glycerol (Q) molar ratios, WHSVs and catalyst loadings. In order to
increase the Q ratio, the content of MeOH and water of Glyc6 were adjusted to both lower

and higher values, respectively, with respect to Glyc5 (Table 2.3): this choice allowed to
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overcome limitations of mutual solubility of reactants and to operate with up to 8 molar
equivs. excess of acetone (Q=8) with respect to glycerol. Experiments were all carried out at
100 °C, 10 bar, and for 24 hours. The total volumetric flow rate (F) was in the range of 0.1 to
1.18 mL/min, and the corresponding WHSV was from 2 to 6. Two catalyst loadings of 0.67 g
(same as for Figure 2.5) and 4.2 g were considered. In the latter case, a different reactor size
was used (L=12 cm, @#=3/8", inner volume=3.5 cm3) (see experimental). For a more
convenient comparison, the reaction productivity (P), expressed as the mass of product
(total of isomers 2.1a and 2.1a’) obtained per hour and per mass unity of the catalyst [g of

(2.1a+2.1a’)/(gcat h)] is indicated.

Table 2.5. Acetalization of Gly5 and Gly6 with acetone catalyzed by AF

Entry Reactant AF(g) Q (mol:mol)> WHSV Conversion (%) PP

1 4 2 78 2.2
0.67

2 Gly5 4 4 67 3.8

3 4 6 65 5.6

4 4.2 4 2 75 2.2

5 4 2 30 0.86
0.67

7 Gly6 8 2 60 1.7

8 8 4 71 4

6 4.2 8 2 54 1.6

a Molar ration acetone:glycerol

b Productivity expressed [g of (2.1a+2.1a’)/(gcat h)]

The reaction of Glyc5 showed that by keeping all the other conditions unaltered with
respect to Figures Figure 2.5¢, an almost linear rise of the productivity from 2.2 to 5.6 h-1
was observed when the WHSV was tripled (entries 1-3). Although no other increments of
WHSV were tested, it was plausible that the catalytic bed was still not operating at its
maximum capacity. The result led to conclude that the process could be efficiently
intensified and the yield of solketal could be further improved. However, at a constant WHSV
of 2, the productivity remained steady at 2.2 h-1 even if the catalyst loading was 6-fold
increased (from 0.67 to 4.2 g; compare entries 1 and 4). This proving that the reaction

reached an equilibrium conversion not exceeding 78%.

A similar behaviour was observed for the acetalization of Glyc6, though with a lower
productivity: under the same conditions, P of 2.2 and 0.86 h-1 were obtained for Glyc5 and

Glyc6, respectively (compare entries 1 and 5). Only by doubling the amount of acetone
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(Q=8), P was improved up to values comparable to those achieved for Glyc5 (compare
entries 1-2 to 6-7). Also in this case however, operating at a constant WHSV of 2, the increase
of the catalyst loading had no substantial effects on the rate of formation of the product
(entries 6 and 8: P=1.7 and 1.6 h-1, respectively). The poorer performance of the catalyst
observed with the use of Glyc6 was plausibly due to the higher water content (49 wt%) of
this reagent with respect to Glyc5 (24 wt%). Notwithstanding this, the catalytic bed proved

robust and able to offer stable and reasonably good conversions over time.

Data of Table 2.5 were validated by the mass balance: as an example, after the reaction
of entry 3, the vacuum distillation of the mixture allowed to isolate the product (as a mixture
of isomer acetals 2.1a and 2.1a’) in a 59% yield. This compound as such was of ACS grade

(>99%) and no additional purification steps were required.
2.2.2 Acetalization with butanone

The acetalization of Gly with 2-butanone was examined to extend the synthetic scope

of the investigated protocol (Scheme 2.9).

OH ? "¢ %0 j(\ O\F\
100 °C, 10 bar o +
HO\)\/OH * )l\/ > Ho\ﬂ"'k/o HOJ/\/o
2-butanone -HZO 2.3a 2.3a'

Scheme 2.9. The reaction of glycerol with 2-butanone

Experiments were carried out according to conditions of Figure 2.5b) and Table 2.5, by
using Glyc1 and Glyc6 as reagents. Since the solubility of pure glycerol in 2-butanone was
lower than that in acetone, the reactant molar ratio (Q) 2-butanone:Glyc1 was set to 60 to
achieve a homogeneous mixture. For the same reason, the reaction of Glyc6 required
additional MeOH (0.5 extra mL of MeOH for each mL of Gly6) as a co-solvent. Experiments
were carried for 24 hours at 100 °C, 10 bar and WHSV = 2. Each test was triplicated to check

for reproducibility.®3 Results are reported in Table 2.6.
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Table 2.6. Acetalization of Gly1 and Gly6 with 2-butanone catalyzed by AF

Entry Reactant Q2> WHSV Conversion (%)® Pc
1 Glycl 60 2 85 2.7
2 Glyc6 4 2 45 1.3

amolar ratio 2-butanone:Glyc1 or 2-butanone:Glycé.

bConversion of glycerol after 24 h (the reported value did not differ from that measured after the first two hours of
reaction).

¢ Productivity expressed [g of (2.3a+2.3a")/(gcat h)]

A steady conversion of 85 and 45% was achieved for the acetalization of Glyc1 and
Glyc6, respectively, and the corresponding productivity (P) was 2.7 and 1.3 g
(2.3a+2.3a")/(gcat h) on the total formation of isomer products 2.3a and 2.3a’. The process
was not further optimized, but the results proved the concept: AF was an efficient catalyst
also for the reaction of other carbonyl compounds with crude-like glycerol. The productivity
with 2-butanone was apparently lower than that with acetone; however, a direct
comparison between the reactivity of two ketones could not be inferred since different
reactant molar ratios as well as amounts of MeOH must be used in the tests of Figure 2.5,

Table 2.5, and Table 2.6.

As far as the product distribution, the reaction of 2-butanone could in principle, afford

the following isomer products (Scheme 2.10).

HO HO HO HO OH OH
{ { K\l | { ! E%J
(0] ., O (0] m, O o (0]
\T\O \/\O e /\O t
2.3a-trans 2.3a-cis 2.3a'-trans 2.3a'-cis

Scheme 2.10. Conformational isomers for the reaction of glycerol with 2-butanone

In the five-membered ring compound 2.3a, the C2 and C4 asymmetric carbons of the
dioxolane ring could give rise to a DL-isomers pair, while two cis-trans isomers of acetal
2.3a’ were possible due to the relative axial and equatorial positions of ethyl and methyl
substituents at the C5 of the dioxane ring. Accordingly, experiments of Table 2.6 showed the
formation of almost equimolar amounts of 2.3a-cis and 2.3a-trans as major products along
with two other minor compounds which were plausibly the cis and trans isomers 2.3a’.
Derivatives 2.3a (cis+trans) could not be separated from each other, but their (1:1) mixture
was isolated and characterized by NMR and MS. By contrast, any attempt to obtain isomers

2.3a’ (cis+trans, either separately or in mixture) failed because they formed in low amounts.
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The structure of such compounds was hypothesized from GC/MS analyses of final reaction

mixtures.®7.68 (Further details are reported in the experimental and SM sections).
2.2.3 Catalyst characterization

A total of four catalyst samples were considered for XRD characterization analyses:

fresh, calcined, and two used catalysts (Table 2.7).

X-ray powder diffraction (XRPD) analysis of the fresh catalyst AFris shown in Figure
2.6. The profile showed that the sample was comprised of three phases: AlF3-3H20,
Al2[(OH)xF(1-9]6(H20)y and B-AlF3 which were in the relative weight amount of 83%, 13%,
and 4%, respectively. Rietveld analysis®® of the X-ray diffraction (XRD) data was used to

obtain the quantitative fractions of all phases. Results are reported in Figure 2.7.

Table 2.7. Different AF samples considered for characterization analyses: fresh, calcined and used.

Entry Label AF condition Reactantused Time on stream (h)

1 AFs fresh - -
2 AF. calcineda - -
3 AF1 after usedb Gly1-4 30¢
4 AF> after usedb Gly5-6 90c

a AF. was obtained by calcination of AF in air at 500 °C and 5 h.

b Catalyst used for the reaction of glycerol with acetone under the conditions described in Table 2.5 and
Table 2.5.

¢ Total time of use of the catalyst in the acetalization of Glyc1-4 and Glyc5-6 with acetone.

Fresh
600

300 4 +

Intensity (a.u.)

Figure 2.6. Diffraction pattern of the AFf sample: (+) AlF3 (H20)3 ICSD (Inorganic Crystal Structure Database)
416689 (83 wt%); (o) Alz[(OH)xF(1-x)]e (H20)y COD 1000086 (13 wt%) and (*) B-AlFs ICSD 202681 (4 wt%).
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Figure 2.7. Rietveld analysis: XRD pattern of commercial AlF3 3H20 (Fresh, black pattern) compared with
three reported different AlFs phases (red, green and blue patterns)

The second most abundant component of AFf having the formula Alz[(F;.
«(OH)x]6(H,0)y, was identified as a solid solution (SS) of AlF3 and Al(OH)s. This crystalline
aluminum hydroxide fluoride SS showed a cubic pyrochlore structure cell with 16 formula
units where aluminum atoms were centered in corner-shared AlFxOs-x octahedrons forming
a network of channels. F and OH groups were statistically distributed at the corners of the
octahedrons, while water molecules, present in the channels and on the surface of aluminum
hydroxide fluorides, were hydrogen bonded with the AlFxOs-x network. Also, a minor amount

of B-AlF3 was present in the fresh AF solid.”0.71.72

After calcination in air at 500 °C for 5 h, the resulting sample AF. showed the XRD

spectrum of pure o-AlFs3 (Figure 2.8)
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Figure 2.8. XRD pattern of calcined commercial AF in air at 500 °C for 5 h (black) compared with the
reported a-AlFs pattern (red)

Water and hydroxyl group were completely absent. The corresponding diffraction
lines almost perfectly matched the standard patterns PDF # 44-0231 and 01-080-1007, and
the structure ICSD 68826. This outcome differed from literature data, reporting instead that
B-AlFs was formed by the calcination of AlF3-3H20.6> Such a discrepancy was not clearly
rationalized, but a role was possibly played by the fact that the starting AF sample was a

ternary mixture rather than a pure compound.

The structure of the used catalysts (AF1 and AF2) was remarkably affected by the
nature of the reagents with which these systems came into contact. In particular, if NaCl was
absent in the reactant glycerol (Glyc 1-4), the corresponding catalyst (AF1) did not undergo

any appreciable change of its composition (Figure 2.9).

200 400
—— AF. (No NaCl) 350 AF, (No NaCl

600 - ! — —— calculated
— — AlF, (H,0), S 300 ’ -+~ Background
3 500 - — AL ((OH), F,.)s (H,0), S
< 00 — AIF, >
2 @ 200
= A
c 3004 2 150-
(0] [
g c
£ 200+ 100

100 501

o " g 5
20 40 60 80 100 2 50 ; . . ; )
20 = 20 40 20 60 80 100

Figure 2.9. (Left) XRD patterns of AF1 ( black pattern) compared with three reported different AF phases
(red, green and blue patterns); (Right) AF: and calculated XRD pattern. The residual between the patterns

are shown at the bottom of the figure

87



2. GLYCEROL ACETALIZATION

The XRD pattern of AF1 showed a composition similar to that of the fresh catalyst
AlF3-3H:20, SS and B-AlFs3 in the relative weight amount of 79%, 16%, and 5%, respectively.
Conversely, if NaCl was present in the glycerol stream, a substantial structural modification

of the catalyst (AF2) took place (Figure 2.10).
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Figure 2.10. Top: Diffraction pattern of AF2 sample: (+) Alz[(OH)xF(1x]s(H20)y COD 1000086 (63.4 wt%); (0)
AlzF14Nas ICSD 26419 (36.6 wt%). Bottom, left: XRD patterns of AF2 (black pattern) compared with two
reported different AF phases (red and green patterns); Bottom, right: AF: and calculated XRD pattern. The

residual between the patterns are shown at the bottom of the figure

After the acetalization of Glyc5 and Glyc6 with acetone, the XRD analyses proved that
the residual AF2 sample was a binary mixture composed of the above described SS and a new
compound of formula NasAlsFi14 identified (PDF # 30-1144) as a Chiolite phase (ChPh).
These two components were in the relative weight amount of 63.4% and 36.6%,
respectively. Of note, with respect to the original AF solid, both AlF3-3H20 and -AlF3 phases

completely disappeared in AFo.
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2.2.4 Effects of T, p, and reaction mixtures recycling with AF

2.2.4.1 Reactions at nearly atmospheric pressure

The second step of the investigation was focused on further exploring the effect of
reaction conditions on the performance of AlF3-3H20 for the CF-acetalization of glycerol. The
model acetalization of pure glycerol (Glyc1) with acetone (Scheme 2.8), was considered
with the aim of detecting operational limits of the catalyst. Initial tests were carried out to
at the lowest possible pressure (~2 bar)®! and at temperatures in the range of 45-60 °C
below the boiling point of acetone. A screening of conditions indicated that experiments
could be conveniently performed using a cylindrical steel reactor (V= 0.875 mL; L= 12 cm;
@ =1/4") filled with powdered AF (1.5 g). Reagents were delivered as two separate streams
to the reactor. Due to solubility limitations,”3 flow rates were set at 0.02 mL/min for glycerol,
and 0.40 mL/min for acetone. This corresponded to a acetone:glycerol molar ratio (Q) of
20.74 Since it was expected that a moderate conversion was reached under these conditions
(cfr. results of Figure 2.5), the recycling of the liquid stream collected at the reactor exit was
considered to increase the amount of products. In a typical experiment, reactants were
flowed for 4-6 hours, during which the reaction mixture was sampled and analyzed by GC.
The recovered colorless solution was conveyed from the outlet to the inlet of the CF-reactor
and re-used as such, without any purification or water removal. Such an operation was
repeated up to eight times. At each reaction temperature a fresh catalytic bed was used and
the same bed was used for all the recycle experiments (passes). Glycerol conversion and

product distribution were periodically monitored by GC and GC/MS.

The results are reported in Figure 2.11a-b. Figure 2.11a refers to the reaction run at 55
°C. The 3D-plot shows the trend of glycerol conversion with time during each pass of
reactants through the CF-reactor (left axis), and after the first pass and the subsequent
recycles (right axis). Figure 2.11b compares the combined effect of the recycle and the
reaction temperature: each point of the four profiles represents an average (glycerol)
conversion calculated as the mean of 3-to-6 values of GC-conversion measured during

recycle tests carried out at 45, 50, 55, and 60 °C.7>

The analysis of Figure 2.11 (55 °C) highlighted three major aspects: i) a moderate
conversion of only 22% was achieved after the first pass. This perfectly matched the result
of the acetalization of wet glycerol Glyc3 carried out at the same temperature, but at a

pressure of 10 bar (Figure 2.5a). Apparently, both the pressure and the presence of water
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had limited, if any, effect on the reaction outcome at least until the reactant acetone was in
the liquid state. ii) The conversion of glycerol improved from 22% up to 72% after the 1st
and the 8t pass, respectively (right axis). In each test the conversion stabilized after 1-2
hours (left axis). The catalytic bed was therefore able to reach steady operating conditions
in a relatively short time notwithstanding a spatial velocity (WHSV) as high as 13.7 h-1. iii)
Regardless of the conditions and the composition of the reactant mixture used (fresh or
recycled), the overall selectivity was >99% towards the formation of isomeric acetals 2.1a
and 2.1a".

Figure 2.11b compares the conversion profiles achieved in the range of 45-60 °C. Not
only the recycle of the reactant mixture, but also the reaction temperature favored the
formation of acetals. A moderate rise of 10 °C, from 45 to 55 °C, enhanced the glycerol
conversion by more than 20% (compare black, blue, and green curves). At 55°C, additional
tests - not shown here - proved that the performance of the catalyst was not appreciably
altered even after a time-on-stream of ~100 h. The acetalization however, was no longer
improved above the boiling point of acetone (red profile at 60 °C). The increase of the
temperature was plausibly offset by the partitioning of acetone in the gas phase, this

hindering the contact between reagents.

T=55°C

Conversion (%)

n° of passes

Figure 2.11. CF-acetalization of glycerol with acetone over commercial AlF3-3H:0 as a catalyst. Tests were
performed at ambient pressure. a) Profiles of glycerol conversion vs time (left axis) and number of passes
(right axis), achieved at 55 °C; b) Mean values of glycerol conversion per each pass at 45, 50, 55, and 60 °C; c)
2.1a/2.1a’ isomer ratio determined by GC. Other conditions: molar ratio acetone:glycerol=20; total flow =

0.42 mL/min.
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2.2.4.2 Reactions at moderate T and p with recycle.

The investigation was continued by performing the same acetalization reaction with
recycling of the mixture at temperature and pressure of 80 and 100 °C, and 10, 25 and 50
bar, respectively. Like tests already described in Figure 2.5, the increase of pressure was
considered to allow the process in the liquid phase even operating above the standard
boiling point of acetone. In a typical experiment, a fresh mixture of acetone (0.40 mL/min)
and glycerol (0.02 mL/min) in a 20:1 molar ratio, was allowed to flow for 3 hours over a
catalytic bed of AF (1.5 g). Then, the solution recovered at the reactor outlet was recycled
twice according to the above described procedure. Recycle runs were carried out for a total
of 3 hours each. Results are reported in Figure 2.12 where the trend of glycerol conversion

is indicated after the first pass and two subsequent recycles.

Experiments confirmed that: i) the combined effect of the temperature and the recycle
could remarkably improve the reaction outcome. For example, at 80 °C and 10 bar, the
conversion of glycerol increased progressively from 42 to 65 and 78% after the first, second
and third pass, respectively (Figure 2.12a); while at the same pressure, a substantially
quantitative reaction was reached at 100 °C after the third pass (conversion ~95%; Figure
2.12b). ii) Minor, if any, changes were achieved by enhancing the pressure up to 25 and 50
bar. This result was in analogy to those reported in Figure 2.4 and Figure 2.5: the

acetalization process was insensitive to pressure, although necessary to operate under

liquid conditions.

- 80°C 100 °C
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—~ 801 a) . _ 904
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Figure 2.12, CF-acetalization of glycerol with acetone using commercial AlF3-3Hz0 as a catalyst. a) T = 80 °C;
p=10, 25, and 50 bar. b) T = 100 °C; p=10, 25, and 50 bar. Other conditions: molar ratio acetone:glycerol=20;
total flow = 0.42 mL/min.
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Reactions of Figure 2.12 also proved that the selectivity towards acetalization was
100%, irrespective of the reaction conditions. These conditions however, had a dramatic
influence on the ratio (W) of isomer products 2.1a and 2.1a’. The result can be visualized in
Figure 2.13 that compare the W ratio and the conversion achieved by reactions carried out

at 55 °C and ~2 bar, 80 °C and 10 bar, and 100 °C and 10 bar.

100 ) ) . —=—55°C, 2 bar
/ L —e— 80 °C, 10 bar
;\g\ 801 % —a— 100 °C, 10 bar
E/ \_! i i [
601 N o
.% I o)( i LO:A
1 0 ,,,,,,,,,,,
S 40 ~ —=-55°C, 2 bar % Ho A/ Ho AP
5 —e—80 °C, 10 bar = 212"
O 209 - ~ —a—100 °C, 10 bar 109
0 T T T T T T T T T 0
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Figure 2.13. The CF-acetalization of glycerol with acetone carried out at: i) 55 °C, ~2 bar; ii) 80 °C, 10 bars; iii)
100 °C, 10 bar. a) The conversion of glycerol and the b) ratio of isomer 2.1a/2.1a’ are reported versus the
number of passes through the CF-reactor. Other conditions: molar ratio (Q) acetone:glycerol=20; total flow

rate=0.42 mL/min. Each dot is the average of values of GC-conversion and of the 2.1a/2.1a’ isomer ratio

measured during 3-hours tests.

At 55 °C and ~ 2 bar, the increase of the glycerol conversion from 22 to 72% induced
only a moderate change of the W ratio, from 1.7 to 3.2 (compare black profiles of Figure
2.13a and Figure 2.13b), with a non-negligible formation of the six-membered ring acetal
2.1a’ (up to 17% of 2,2-dimethyl-1,3-dioxan-5-o0l). Of note, such a compound is achieved
only by multistep sequences,’®77.78 while its amount is usually less than 5% when

straightforward acetalization or transacetalization reactions are used.6879,80 81

At 10 bar however, the 2.1a/2.1a’ ratio almost doubled when the reaction was carried
out at 80 °C (Figure 2.13 red profiles), while it dramatically increased at 100 °C. Under such
conditions, the acetalization became quantitative and the 5-membered ring compound 2.1a

was achieved with a selectivity >97% with only trace amount (2%) of the isomer 2.1a’ (blue

profiles).

The CF-procedure was suited not only to improve the reaction conversion by recycling
the mixture, but also to tune the product distribution: the change of T and p plausibly

modifies the thermodynamic vs kinetic control of the reaction at the level that either a
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mixture of the isomer acetals 2.1a and 2.1a’ or only the more stable product 2.1a could be

selectively obtained.82

2.2.4.3 The reaction with butanone

Three sets of tests were performed to examine the effects of T, p, also on the
acetalization of glycerol (Glyc1) with 2-butanone. The first two were carried out at ~2 bar
(55 and 75 °C) while a third one was done at 100 °C and 10 bar. Since the solubility of
glycerol in 2-butanone was even lower than that in acetone, the reactant molar ratio (Q) was
set to 60: this corresponded to relative flow rates of 0.01 mL/min for glycerol, and 0.74
mL/min for 2-butanone, respectively. Results are reported in Figure 2.14 which shows the
(average) conversion of glycerol measured in the first pass and the subsequent recycles of

the reactant mixture. Each test (pass) lasted 3 hours.

100+

_—

804

g 601 —&— 55 °C, 2 bar
4 / —8—75°C, 2 bar
) °
40 —mE— 100 °C, 10bar
2 o
S
20 ./././.
0 T T T T T
1 2 3 4 5
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Figure 2.14. The conversion of glycerol in the CF-reaction with 2-butanone. Flow rates were 0.01 mL/min
for glycerol and 0.74 mL/min for 2-butanone. A fresh catalytic bed of AlF3-3H20 (1.5 g) was used at any

different temperature.

Like the acetalization with acetone, also the reaction of 2-butanone was remarkably
affected by the temperature: at nearly ambient pressure, the glycerol conversion showed a
~30% increase from 55 to 75 °C (purple and green curves); however, as both T and p were
raised to 100 °C and 10 bar, an almost quantitative reaction was reached after the first

recycle of the reactant mixture (95%, 2" pass, red profile).

The acetalization selectivity was always 100% towards isomeric acetals 2.3a and
2.3a’. Reaction conditions remarkably affected the relative proportions of such products,
being the five-membered ring acetal 2.3a always the most abundant compound. Figure 2.15

reports the ratio Wi=(2.3a-trans+2.3a-cis)/(Total of acetal products) for the investigated

reactions.
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Figure 2.15. The ratio W1=(2.3a-trans+2.3a-cis) /(Total of acetal products) observed in the CF-acetalization
of glycerol with 2-butanone carried out at: i) 55 °C, ~ 2 bar; ii) 75 °C, ~ 2 bar; iii) 100 °C, 10 bar.

The behaviour was similar to that described for the acetalization of glycerol with
acetone. At 55-75 °C and ~ 2 bar, the increase of glycerol conversion from 7 to 75% brought
about a modest change of the W1 ratio, from 2 to 7 (purple and green profiles). However, at
100 °C and 10 bar, the reaction became not only quantitative, but also extremely selective
towards the more stable acetal 2.3a (cis+trans isomers): the corresponding W1 raised up to
~50 (red profiles). Also in this case, the variation of temperature and pressure could tune

the distribution of conformer products.

2.3 Discussion

The here described investigation offers an approach for a rationale design of the
catalytic acetalization of glycerol with commercial AlF3:-3H20. To the best of our knowledge,
such compound has never been previously reported as an acetalization catalyst. The study
proves that the choice of the catalyst determines the outcome of the reaction depending on
the grade of the reactant glycerol, while the implementation of the process in the CF mode
allows to tune T, p, reactants flow rate and WHSV in order to improve the reaction

productivity and to facilitate product isolation.
2.3.1 Acetalization catalysts

Experiments leave few doubts that the reaction of pure or wet glycerol is most
efficiently catalyzed by A36 with respect to AF. As shown by the model acetalization of Glyc3

with acetone, at 10 bar, AF requires temperatures as high as 100 °C to offer results
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comparable to those achieved by using A36 at only 25 °C (Figure 2.4a and Figure 2.5a). This
different catalytic performance is plausibly due to the effect of strong Brgnsted acidity of the
resin® compared to the weaker acidity of Lewis acid sites and hydroxyl groups on the

hydrated aluminum fluoride (see also later on this section).848>

Notwithstanding the thermodynamic limitation that water (as an acetalization by-
product) may involve on the equilibrium of the reaction, the activity of both catalysts is only
partly affected by the use of wet reagents: under conditions optimized for A36 and AF, steady
and good conversions (>80%) are obtained for different types of glycerol containing
amounts of water variable in a broad range, from 4 to 25 wt% (Glyc3 and Glyc4: Figure 2.4a
and Figure 2.5b). An explanation for this result is offered by the dynamic transfer of reagents
and products in the continuous-flow mode that helps the desorption of water from the
catalytic bed. In the case of AF, the hydrolytic stability of the catalyst is further proved by the
very low leaching of both aluminum and fluoride. The concentration of F- measured in acetal
mixtures collected at the reactor outlet is <3 ppm (less than half the U.S. EPA level of 4.0 ppm
allowed in drinking water8687 though, the comparatively higher release of fluoride ions with
respect to Al (200 ppb) is plausibly due to some exchange with hydroxide groups at the

catalyst surface.

Also, the addition of MeOH (22-30 wt%) to the reactant glycerol has negligible, if any,
effects on the performance of both A36 and AF systems (compare Glyc1 and Glyc2: Figures
Figure 2.4a and Figure 2.5b).

The most intriguing aspect emerging from the comparison of the two catalysts is their
different tolerance to the presence of NaCl in the reactant stream. In the reaction of crude-
like glycerol (Glyc5 and Glyc6) with acetone, stable conversion and productivity up to 78%
and 5.6 h'1 are reached by using AF as a catalyst (Table 2.5), while A36 severely deactivates
in few hours proving it unsuitable for the continuous process where a long catalyst lifetime
is imperative (Figure 2.4b). The exchange of protons with sodium cations (Na*) accounts for
the progressive decrease of acidity of the organic resin and consequently, for its loss of
activity over time. On the other hand, the reasons for the stability of AF to NaCl deserve a
more in-depth consideration which may take the cue from the XRD analysis of Figure 2.6 and
Figure 2.7. Diffractogram of fresh commercial AF proves that the compound is comprised of

a mixture of AlF3-3H20, a solid solution (SS) of formula Al2[(F;..(OH)x]e(H,0)y, and very

minor amounts of B-AlF3. Such a composition is fully preserved even after a prolonged use

(up to 30 h) of AF as a catalyst for the reaction of pure or wet glycerol (Glyc1-4) with acetone
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(Table 2.7: AF1 sample). However, if reactants include NaCl as an additive, then AF

undergoes a phase change: of its initial main components, the solid solution {SS: Alz[(F;.
«(OH)x]6(H,0)y} remains unaltered, while AlF3-3H20 is progressively and quantitatively

transformed into a chiolite (NasAlsF14, ChPh) phase during the CF-acetalization tests. This is
clearly proved by XRD spectra of the AF2 sample (Figure 2.10). Although, at the moment, no
clear reasons explain why only AlF3-3H20 is sensitive to a structural modification, the fact
that the AF2 solid shows a constant catalytic performance for the conversion of crude-like
glycerol Glyc5-6 provides evidence that the SS component is the authentic active phase for
the investigated reaction. This is further confirmed by the observation that the calcined AF.
compound (pure a-AlF3 phase) is no longer an acetalization catalyst. The overall behavior is

summarized in Scheme 2.11.

A hypothesis to explain the catalytic role of the SS phase is based on the general
mechanism of formation of acetals which starts from the electrophilic activation of the
reacting ketones. Accordingly, Scheme 2.12 shows a pictorial view of the possible
interactions (a and b) between the catalyst surface and acetone as a model ketone. The
Brgnsted acidity associated to the OH groups of the SS phase offers the major contribution
for the initiation of the acetalization reaction (path a, top). While, the lack of activity of
anhydrous a-AlF3 phase suggests a minor influence, if any, of Lewis acid sites (path b). Pure
a-AlF3 is inactive for the acetalization reaction (Scheme 2.11). This phase, either pure on in
three hydrate form (a-AlF3-3H20), has been reported as a poor Lewis acid system.88 In the
second step of the reaction, water as a base restores the acidity of the catalyst, and at the
same time, it also readily desorbs from the active surface due to the dynamic mass transfer

operating in the CF reactor.
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Gly1-4 AF no phase change:
1 same composition of AF
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Scheme 2.11. The behavior of commercial AF sample in the acetalization with acetone. AF sample is
composed by a mixture of AlFs-3H20, Alz[(F,_,(OH)x]s(H,0)y (SS) and B-AlFs in the relative proportion of 83,

13 and 4% respectively. AFz is composed by a mixture of the SS and NasAlsF14 (chiolite phase, ChPh) in the
relative proportion of 63.4 and 36.6 % respectively. AFc is entirely composed by a-AlFs.
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Scheme 2.12. Activation of ketones over Brgnsted and Lewis acid sites of the catalytic phase (SS)

The equilibrium position therefore shifts to the right pushing the reaction forward.
Unlike the Amberlyst resin, AF keeps on catalyzing the acetalization of crude-like glycerol
(Glyc5-6) with unchanged conversion and selectivity over time since the (weak) acidity of
the hydroxyl groups of the SS phase does not allow exchange reactions with NaCl. Also, a
contribution might derive from surface F atoms (of the SS phase) which possibly offer an
hydrophobic shell able to mitigate, if not hinder, the contact of the catalyst with Na cations
in the reacting aq. solution.8 Whatever the reason, the outcome highlights the potential and
the possible synthetic (and economic as well) advantage of AF with respect to the Amberlyst
system: since the isolation of acetal products (e.g. solketal) by distillation of final reaction
mixtures is not only simpler but also cheaper than techniques required for the purification
of off-grade glycerol,390 it is by far more convenient to convert CG rather than refining the

crude reagent and then proceeding with its upgrading.

It should also be noted that the performance of the active SS phase should be evaluated

as such rather than in the commercial mixture with AlF3-3H20. Although this study is beyond
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the scope of this paper, future investigations will be focused on the synthesis and
applications of the pure SS compound through comparative tests with other acid

acetalization catalysts.
2.3.2 The continuous-flow (CF) conditions

CF-conditions may significantly improve the reaction outcome through the
optimization of T, p, and reactant flow rate/ratio. This is clear from results of: i) Figure 2.11
and Figure 2.12 which show, for example, how the acetalization of glycerol with acetone can
be run at 10 bar well below the previously reported operating pressure (30-120
bar)414243.4445 for the same reaction; ii) Table 2.5 and Table 2.6 which demonstrate how the
reaction productivity (P) almost linearly grows by increasing WHSV from 2 to 6 h-l. In this
range, while the viscosity issue often limits the implementation of CF-processes using
glycerol solutions (see introduction), nonetheless in our case clogging drawbacks of the
reactor have never been experienced. Such an observation probably indicates that a further
increase of the reactant flow rate can be applied in a large scale preparation to optimize P,
thereby improving the overall performance of the procedure according to the requirement
of process intensification. Finally, this also confirms the suitability of AF - even in its

powdered commercial form - as a catalyst for the synthesis of GAs.

CF-conditions improve the reaction outcome through an easy implementation of
recycle operations. This is clear from tests at 45-55 °C and ~2 bar where the recycle of
reaction mixtures allows to increase the glycerol conversion up to an equilibrium value of
72% (Figure 2.11), and it is emphasized by the experiments at 80-100 °C and 10-50 bar
where a substantially quantitative transformation can be achieved after only one recycle

step (Figure 2.12).
2.3.3 2-Butanone

This study proves that the AF catalyst is active not only for the CF-acetalization of
crude-like glycerol with acetone, but also with other carbonyl compounds, particularly 2-
butanone. Although experimental conditions used for the two ketones are not strictly
comparable (see Table 2.5 and Table 2.6), 2-butanone appears less reactive than acetone.
This trend seems consistent with steric limitations on the kinetics: the more hindered the
carbonyl group, the slower its reactions. An analogous behaviour has been described also in

previous studies on the acetalization of glycerol with different aldehydes, where the process
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was progressively disfavored by heavier substrates, from butanal to pentanal, hexanal,

octanal and decanal.’!

In the range of 55-100 °C, the acetalization of pure glycerol (Glyc1) with 2-butanone
at nearly ambient pressure and at 10 bar shows that the combination of the CF-mode and
recycle operations allow to improve the glycerol conversion up to a substantially

quantitative value (Figure 2.14).
2.3.4 Isomer distribution

The reaction of glycerol with both aldehydes and ketones yields mixtures of five- and
six-membered ring isomer acetals (Cs and Cs cyclic products, respectively), the proportion
of which is affected by the experimental conditions. Although it is generally accepted that
six-membered ring compounds are thermodynamically favoured over the corresponding
five-membered isomers,%2:93 recent DFT theoretical calculations have demonstrated that an
opposite trend holds for the ketals produced by the reaction of glycerol with acetone
(Scheme 2.13: 2.1a and 2.1a’, respectively).”677.78 Due to repulsive interactions between
methyl groups and hydrogen atoms in the axial positions of the cyclic Cs product (2,2-
dimethyl-1,3-dioxan-5-0l, 2.1a’), this compound is 1.7 kcal mol! less stable than the Cs
isomer (2,2-dimethyl-1,3-dioxolan-4-yl) methanol: solketal 2.1a). On the other hand, the
greater reactivity of primary vs secondary hydroxyl groups of glycerol is expected to make
the Ce-ring closing reaction faster than the Cs-one. The two isomers are also able to
interconvert: previous studies have proven the occurrence of an acid-catalyzed equilibrium

reaction for the mutual transformation of cyclic acetals of glycerol (Scheme 2.13).33.94.95,96

HO HO

H H H
RO H RO RO R \Oj) R Oj)
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0
R=H; R'=Me, Ph

Scheme 2.13. Acid-catalyzed interconversion of Cs and Ce cyclic acetal isomers.

On this basis, an explanation may be offered for the isomer distribution observed in
this work. Consider for example, the reaction of glycerol with acetone. At nearly atmospheric
ambient pressure (2 bar) and 55 °C, the 2.1a/2.1a’ ratio varies from 1.7 to ~3 meaning that
isomeric acetals are achieved in almost comparable amounts (Figure 2.13, black profile).

This result can be accounted for by two aspects: i) as long as the per-pass conversion is
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moderate (<15%, Figure 2.11 and Figure 2.13), CF-conditions and low contact times favor a
dynamic desorption of 2.1a and 2.1b’ from the catalyst surface before further
transformations occur; ii) the low reaction temperature disfavours the isomer
interconversion of Scheme 2.13. It seems plausible that thermodynamic and kinetic
products may coexist under such circumstances. However, as the temperature is increased,
the formation of the thermodynamically preferred product 2.1a increases as well (Figure
2.13: red profile at 80 °C and 10 bar), and at 100 °C 2.1a becomes the almost exclusive

derivative.

The outcome of the reaction of glycerol with 2-butanone is even more peculiar in view
of the fact that both Cs/Ce ring-closing reactions and cis/trans isomerism are possible. In this
case, the preferred formation of cyclic Cs compounds can be accounted for by the same line
of reasoning as above, i.e. the greater thermodynamic stability of Cs vs Ce isomers. Results of
Figure 2.15 support this conclusion. On the other hand, the occurrence of approximately
equal amounts of Cs isomers (2.3a-cis and 2.3a-trans) indicates that the
corresponding structures have comparable energies. This is in agreement with
previous findings on the synthesis of such compounds via both acetalization and
transacetalization processes catalysed by protic acids, 16897 but it is opposite to
results described for the reaction of glycerol with acetaldehyde and benzaldehyde
where the cyclic Cs trans-isomer products are favoured over the corresponding cis-
ones.3394 ,9596 The latter behaviour has been explained with intramolecular H-

bonding.

The proportions of geometric isomers of cyclic Ce¢ acetals (2.3a’-trans and 2.3a’-cis of
Scheme 2.10) plausibly follow the same pattern described for Cs products. However, the

modest formation of such (Cs) compounds does not allow any detailed discussion.

2.4 Conclusion

Catalysts for the implementation of robust CF-methods for organic synthesis must be
active, durable and versatile so as to accommodate reactant feeds with variable chemical
compositions. In the specific case of the CF-acetalization of glycerol with ketones, this
investigation proposes for the time the use of commercial AlF3-3H20 as a catalyst and
compares its activity to that of Amberlyst 36 as an acidic resin. This study demonstrates that

A36 and AF possess complementary activities and features. A36 is the most efficient system:
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it is capable to operate under very mild conditions, but it is readily poisoned by even small
amount of NaCl which is a common contaminant of CG. The second compound (AF) requires
a higher operating temperature, but its performance is insensitive to the presence of
inorganic salts, being thereby suitable for the conversion of different kinds of raw glycerol.
Overall, the here reported approach shows that the design of a CF synthesis of GAs can be
conveniently tailored according to the quality of the starting materials, by using either
conventional acid organic resins or introducing new acetalization catalysts such as AF. Both
catalysts, when used at optimized T, p, and flow rates (WHSV) afford stable activity in the
long run, though AF may offer a more attractive standpoint for the straightforward
valorization of CG. AF has been successfully operated for weeks with no loss of activity or
selectivity: ICP-OES and ionic chromatographic analyses of liquid mixtures recovered at the
reactor outlet confirm that the release of Al and F was <0.1wt% per working (40 hours)

week.

This study provides XRD evidences that the activity of the investigated commercial
sample of AF is reasonably due to the presence of a solid solution (SS) phase composed of an

aluminum hydroxide fluoride Alz[F;,(OH)x]6(H,0)y in the relative amount of 13%. The

catalytic performance is plausibly associated to the occurrence of surface hydroxyl groups
able to confer Brgnsted acidity to the catalyst. These acid sites trigger the acetalization
reaction by an electrophilic activation of ketones, while the co-product water (as a base)
assists the process by restoring the catalyst through a continuous proton exchange on its

surface.

An extended analysis of the CF-acetalization of pure glycerol over AF has been carried
out by investigating the effect of T, p, and the recycling of the reaction mixture recovered at
the reactor exit. Under the best found conditions (100 °C and 10 bar), recycling operations
allow to achieve substantially quantitative conversion and complete selectivity towards
acetal products after a single recycle (two passes) of mixtures collected from the CF-reactor.
Experimental conditions also allow to tune the relative amounts of five- and six-membered
ring isomers. The higher the temperature, the higher the formation of the more
thermodynamically stable Cs acetals: in particular, the 2.1a/2.1a’ and 2.3a/2.3a’ isomer
ratios may increase by a factor of ~25, from ~2 up to 48. Whenever geometric isomers are
possible such as in the reaction of glycerol with 2-butanone, the trans- and cis-compounds

are obtained in almost equal amounts, indicating structures of comparable energy.
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2.5 Experimental

2.5.1 Materials

Glycerol, acetone, 2-butanone were ACS grade from Aldrich and were used as received.
Aluminum fluoride trihydrate (AlF3-3H20, 97%), Amberlyst-36 and sand (50-70 mesh) were

from Aldrich and used as received. Water was of milli-Q grade.
2.5.2 Analysis instruments

GC/MS (EI, 70 eV) analysis were run using a HP5-MS capillary column (L=30 m, #=0.32
mm, film=0.25 pum). The following conditions were used: carrier gas: He; flow rate: 1.2
mL/min; split ratio: 10:1; initial T: 50 °C (3 min), ramp rate: 15 °C/min; final T: 250 °C (3

min).

GC/FID analysis were run using an Elite-624 capillary column (L=30 m, #=0.32 mm,
film=1.8 pum). The following conditions were used. Carrier gas: N2; flow rate: 5.0 mL/min;
split ratio: 1:1; initial T: 100 °C (0 min), ramp rate: 15 °C/min; final T: 220 °C (5 min). ICP-
OES analysis were run using a Perkin Elmer Optima 5300DV.

Inductively coupled plasma optical emission spectrometry (ICP-OES) analyses were

run on a Perkin Elmer Optima 5300 DV in axial direction at 394.401 nm.

Ion chromatography analyses were run on a Dionex LC20 (Chromatography enclosure)
equipped with a Dionex GP40 gradient pump and a Dionex ECD ED40 (working at 100 mA).
A Dionex AS14 was used as column with 1mM carbonate/3.5 mM bicarbonate as a mobile

phase.

XRPD patterns were recorded at room temperature with a step size of 0.05° in the 5-
100° range. The diffraction data were collected (10 s step~1) using a Philips X'Pert system
(PW3020 vertical goniometer and PW3710 MPD control unit) equipped with a focusing
graphite monochromator on the diffracted beam and with a proportional counter
(PW1711/90) with electronic pulse height discrimination. A 0.5° divergence slit was used,
together with a receiving slit of 0.2 mm, an antiscatter slit of 0.5° and Ni-filtered Cu Ka

radiation (30 mA, 40 kV).

IHNMR were recorded at 300 MHz, 13C spectra at 75 MHz and chemical shift were

reported in 6 values downfield from TMS; CDCls was used as solvent.
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2.5.3 CF apparatus

The apparatus used for the investigation was assembled in-house (Figure 2.16). Two
twin HPLC pumps (P1 and P2) were used to deliver one or two liquid reactants (1 and 2) to
two stainless steel tubular chambers both placed in the upright position. The first chamber
(L=12 cm, @=1/4",0.875 cm3 inner volume) was filled with sand (2.3 g) and served as a static
mixer, while the second one was the reactor containing the catalyst: AF or A36. Depending
on the experiments, different reactor dimension were considered: (a) L=12 cm, @#=1/4",
inner volume=0.875 cm3; and (b) L=12 cm, #=3/8", inner volume=3.5 cm3. For the reactor
a) the loading used were: AF=1.5 or 0.67 g; A36= 0.9 g. For the reactor b) the loading used
was: AF=4.2 g. Both the static mixer and the reactor were placed in a gas chromatographic
oven (GC oven) and heated at the desired temperature. A JASCO BP-2080 back pressure
regulator (BPR), placed at the outlet of the reactor, was used to maintain the pressure
constant over the whole system throughout the reaction (line B). When experiments were

carried at ambient pressure the BPR was bypassed (line A).

GC oven
/—[ ’—[ '_ _— "
Line A) :Line B
P1 o :
Stdtic Mixer Reactor | BPR
Reactant 1 :
1 3
P2 LT T Product collection
Reactant 2

Figure 2.16. Experimental setup used for the continuous-flow acetalization of Gly with acetone and 2-

butanone

2.5.4 General procedure for the CF acetalization of Glycerol

A typical CF acetalization reaction was carried out according to the following
operations. Depending on the typology of the experiment, the procedure can be divided in

two different procedures
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2.5.4.1 Separate reactants and recycling of the mixture

First pass of reactants. Pumps P1 and P2 were set in a constant flow mode adjusting the
flow rates in the range of 0.02-0.07 mL/min for glycerol, and 0.35-0.74 mL/min for the
acetone, respectively. Then, reagents were delivered as two separate streams to the static
mixer followed by the reactor. The BPR and the GC oven were set to the operating pressure
and temperature (10-50 bar and 45-100 °C). For the experiments at atmospheric pressure,
the BPR was simply bypassed (Line A). Under such conditions, the apparatus was
preliminarily conditioned for 20 minutes. Afterwards, the reaction mixture was collected at
time intervals of 60 min, for a minimum of 3 to a maximum of 6 samples, and analyzed by

GC/FID and GC/MS.

Recycle of the reaction mixture. All the samples collected during the first pass of
reactants, were mixed together achieving an homogeneous mixture. Without any further
purification, the latter was conveyed to the reactor at a flow rate corresponding to the total
flow rate used in the first pass by mean of pump 2. Other conditions, including temperature,
pressure, conditioning, sampling, and GC-analysis were left unchanged with respect to the

previous step. When indicated, such recycle procedure was repeated.

Change of reaction conditions: system cleaning and restart. Once an experiment first
pass (or recycles) was complete, the GC oven and the BPR were set to 50 °C and atmospheric
pressure, while a cleaning solution of acetone (50 mL at 0.5 mL/min) was delivered to the
mixer and reactor. Afterwards, pumps were stopped and the GC oven was allowed to cool at
RT. A new experiment could then start by changing the reaction conditions (T, P, and flow
rates), or, when specified, by replacing also the catalytic bed with a fresh one. In the latter
case, the previously used reactor was dried overnight in a stove, emptied, and refilled with

a fresh charge of AF.

2.5.4.2 Homogeneous reactants mixture of glycerol blends

Six different types of glycerol (Glyc1-6) were considered. These were all prepared by
mixing ACS-grade glycerol (Glycl, 10 g) with different amounts of water (0.5 to 11 mL),
MeOH (1.26 to 11.36 mL) and NaCl (0.5 g) in order to reach the compositions described in

Table 2.3. Then, the CF-acetalization reactions were carried as below described

Reaction procedure. The homogeneous solution of Glyc1-6 and the desired ketone
(acetone or 2-butanone) in the molar ratio (Q =ketone:glycerol) variable from 4 to 60 was

delivered by means of the HPLC pump 2 to the reactor. In these experiments, when a
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homogeneous mixture was used, the static mixer wes removed from the apparatus. The
reactor was previously filled with 0.9 g of A36 or with 0.67 g AF (4.2 g if the reactor type b)
was used). Each reaction was run at a constant flow mode. The explored range of flow rates
of the mixture was from 0.1 to 1.18 mL/min. The operating pressure and temperature were
set and checked at the desired values (10-35 bar and 25-100 °C). The apparatus was
preliminarily conditioned for 1h. Afterwards, the reaction mixture was sampled at time

intervals of 60 min, for a minimum of 3 samples, and analyzed by GC/FID and GC/MS.

System cleaning and reuse of the reactor. Once the experiment was completed, if the
catalytic bed was reused, the GC oven was set to 50 °C and pure acetone (50 mL at 0.5
mL/min) was delivered to the reactor. In the specific case when the reactants mixture
contained sodium chloride (if Glyc5 or Glyc6 was used), Milli-Q water was delivered to the
reactor (50 mL at 0.5 mL/min) prior to the acetone cleaning. Afterwards, the pump was
stopped, the system was vented to the atmospheric pressure and the GC oven was allowed

to cool at RT.
2.5.5 ICP-OES and ionic chromatographic analyses

In the presence of AF as a catalyst, the acetalization of Glyc3 with acetone was carried
out according to the above described procedure (100 °C, 10 bar: conditions of Figure 2.5b).
Once the experiments were complete, the mixtures sampled were used for ICP and ion

chromatography analysis.

2.5.5.1 ICP analysis

Sample. Prior the analysis, the sample was rotary evaporated (60 °C, 40 mbar, 1h). The
oily residues was initially diluted with milli-Q water (20 mL) and then diluted again in a 1:3

v/v ratio.

Blank sample. A bank sample was prepared by flowing the reactants mixture through
the CF-apparatus in the absence of the catalyst at the same operating conditions used for the
sample (100 °C, 10 bar). The mixture collected was rotary evaporated (60 °C, 40 mbar, 1h)
and the oily residues diluted with milli-Q water (20 mL).

Calibration curve. A calibration curve was obtained by using seven aqueous solutions
containing 300, 200, 150, 100, 60, 40 and 20 ppb of Al These solutions were all prepared by
dilution of a 1000 mg/L standard solution of ionic Al in HNOs. The linear fit was
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automatically calculated by the ICP software resulting with interceptor = -151.8, slope =

21.70 and correlation coefficient = 0.996961. (see appendix A).

The analysis results are reported in Table 2.4. Each analysis was the average of 6

subsequent acquisitions.

2.5.5.2 lon chromatography analysis
Sample. The sample was diluted with milli-Q water in a 1:5 v/v ratio.

Blank sample. A bank sample was prepared by flowing the reactants mixture through
the CF-apparatus in the absence of the catalyst at the same operating conditions used for the
sample (100 °C, 10 bar). The mixture collected was diluted with milli-Q water in a 1:5 v/v

ratio.

Calibration curve. A calibration curve was obtained by using four aqueous solutions
containing 0.5, 1, 3, 7 ppm of F-. The linear fit was automatically calculated by the
chromatograph control software (Chromeleon) resulting with slope = 0.131, interceptor

forced to 0 and correlation coefficient = 0.999868. (see appendix A).

The analysis results are reported in Table 2.4. Each analysis was the average of 3

subsequent acquisitions.
2.5.6 Isolation and characterization of products.

(2,2-dimethyl-1,3-dioxolan-4-yl)methanol (Solketal, 2.1a)
The product was isolated from two reactions (A and B) starting from Glyc1 and Glyc5.

The acetalization of Gly1 with acetone (Q=40) carried out under the conditions of
Figure 2.5b (100 °C and 10 bar; flow rate = 0.2 mL/min; AF = 0.67 g). The reaction was
allowed to proceed for 15 h. The homogeneous mixture recovered at the reactor outlet was
rotary evaporated (60 °C, 40 mbar, 1h) and distilled (70 °C, 40 mbar). The title product was
obtained as a colorless mixture of isomers 2.1a and 2.1a’ (ratio 2.1a/2.1a’~50) in a 74%

overall yield (5.8 g, purity 98% by GC/FID).

The acetalization of Glyc5 with acetone (Q=4) was carried out under the conditions
of Figure 2.5b (100 °C and 10 bar; flow rate = 0.34 mL/min; AF = 0.67 g). The reaction was
allowed to proceed for 3 h. The homogeneous (pale green) mixture recovered at the reactor
outlet was rotary evaporated (60 °C, 40 mbar, 1h), filtered to remove the solid residue of

sodium chloride, and distilled (70 °C, 40 mbar). The title product was obtained as a colorless
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mixture of isomers 2.1a and 2.1a’ (ratio 2.1a/2.1a’~50) in a 59% overall yield (11.5 g,
purity 98% by GC/FID). The structure of the product was confirmed by 'H NMR, 13C NMR
and GC/MS and by comparison to an authentic commercial sample of solketal. (see appendix

A).
(2-Ethyl-2-methyl-1,3-dioxolan-4-yl)methanol (2.3a)

The product was isolated from the acetalization of Glyl with 2-butanone (Q=60)
carried out under the conditions of entry 1 in Table 2.6 (100 °C and 10 bar; flow rate = 0.2
mL/min; AF = 0.67 g). The reaction was allowed to proceed for 24 h. The homogeneous
mixture recovered at the reactor outlet was rotary evaporated (60 °C, 40 mbar, 1h) and
distilled (79 °C, 40 mbar). The title product was obtained as a colorless mixture in a 68%
overall yield (5.2 g, purity 96% by GC/FID). It was characterized by 1H NMR, 13C NMR and
GC/MS. (see appendix A).

IH NMR mostly shows multiplets due to a partial overlap of the signals of cis- and trans-

isomers of 2.3a present in approximately equal concentrations.

1H NMR (300 MHz, CDCl3) 6 (ppm): 4.25 (m, 2H), 4.12 - 4.00 (m, 2H), 3.85 - 3.72 (m,
4H), 3.61 (m, 2H), 1.79 - 1.62 (m, 4H), 1.39 (s, 3H), 1.33 (s, 3H), 0.96 (m, 6H). 13C NMR (75
MHz, CDCI3) 6 (ppm): 111.91, 111.61, 76.93, 76.25, 66.23 , 66.19, 63.46 , 63.28 , 32.90,
31.99, 24.54 ,23.45,8.86, 8.57. GC/MS (relative intensity, 70eV) m/z: 145 (M*, <1%), 131
(20),117 (100),115(27),86 (11), 73 (11),61 (14), 57 (84), 55 (18), 43 (80).
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3 GLYCEROL: SYNTHESIS OF N-HETEROCYCLES

3.1 Introduction
3.1.1 Quinoline and its derivatives

Part of this Thesis work has been dedicated to the use of glycerol for the synthesis of
N-heterocycles of which quinoline (Qui) was the most investigated one. Qui is a colorless,
high-boiling, weak aromatic base (pKa=9.5) whose major use as such is in the manufacture
of nicotinic acid (NA). NA serves as an active agent for both the prevention of pellagra in
humans,! and as a starting substrate for the synthesis of 8-hydroxyquinoline, this being a

versatile chelating agent and a precursor to a range of pharmacologically active products.2

However, the Qui nucleus occurs in several natural compounds (cinchona alkaloids)
and drugs including antimalarial, anti-bacterial, antifungal, anthelmintic, cardiotonic,
anticonvulsant, anti-inflammatory, and analgesic products. Figure 3.1 shows a few model

derivatives.3

(o]
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Figure 3.1. Examples of pharmaceutical active compounds including the quinoline ring system

Quinoline derivatives find also applications in the manufacturing of a wide range of

dyes*5 and food colorants,® of which cyanine represents the oldest example. (Figure 3.2).
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Quinaldine Red Cyanine Quinoline yellow

Figure 3.2. Example of quinoline dyes

Quinoline derivatives are also used as ligands in organometalic complexes for catalysts

preparation and for various fluorescent applications.”82

Notwithstanding its nontoxicity on oral absorption and inhalation by humans, Qui is
reported as an environmental pollutant mostly associated with facilities processing oil shale
or coal (the contaminant effect comes from the relatively high hydrosolubility of Qui that
facilitates its transfer through different environmental compartments). In fact, one of the
principal sources of commercial Qui is coal-tar from which the heterocyclic compound as
such was firstisolated in 1834. Also, crude oil, particularly the virgin diesel fraction, contains
minor amounts of Qui and some of its derivatives. A hydrodenitrification process is usually

carried out to remove such compound since they reduce the quality of the fuel.

Qui can be prepared in several different ways, including for example:10 i) the
distillation of cinchoninic acid with lime; ii) the reduction of ortho-aminocinnamic
aldehyde;11 iii) the high temperature reaction of allyl aniline over lead oxide; iv) the
condensation of ortho-aminobenzaldehyde with acetaldehyde in the presence of aq. NaOH;12

and v) the reaction of orthotoluidine with glyoxal.

However, the Qui core is most often synthesized from aniline by using well-known
reactions, some of them dating back to more than two centuries ago. These are: i) the
Combes and Conrad-Limpach synthesis in which aniline (or anilines) is set to react with {3-
diketones and (-ketoesters; ii) the Doebner or the Doebner-Miller reaction of aniline with
aldehyde and pyruvic acid or a,B-unsaturated carbonyl compounds, respectively; v) the
Gould-Jacobs reaction of aniline and ethyl ethoxymethylenemalonate, and vi) the Skraup
synthesis in which aniline and glycerol produce Qui in the presence of nitrobenzene and

sulfuric acid (Scheme 3.1).13.14.15,16

A number of procedures have also been devised to build up quinoline or quinoline-like
structures through the so-called Camps, Friedlander, Knorr, Niementowski, Pfitzinger and

Povarov syntheses. These methods are usually very effective, but they often require
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specifically substituted anilines and corrosive and harmful reagents which generate large

amounts of wastes.
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Scheme 3.1. Some of the most common synthesis of quinoline and its derivatives

With the double aim of inventing eco-friendly synthesis of Qui and innovative catalytic
reactions of glycerol, part of this Thesis work has been focused on a modified Skraup

synthesis.

3.1.1.1 The Skraup synthesis

The Skraup reaction brings the name of Zdenko Hans Skraup,1” a Czech scientist who
first discovered that Qui could be obtained by the condensation of glycerol and aniline in the
presence of concentrated H2S04 and an oxidizing agent. The latter compound was initially
arsenic acid (As20s), but this was later replaced by nitrobenzene which not only allowed a

better control of the process, but it also acted as a solvent.

Although the mechanism of the Skraup condensation has not been yet completely
clarified, there are good reasons to believe that the first step of the reaction is an acid-
promoted dehydration of glycerol to form acrolein as an intermediate (Scheme 3.2).18
Several works suggest that Brgnsted acids allow the protonation of the secondary hydroxyl

group of glycerol; then, the release of a water molecule produces a secondary carbocation
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which rapidly loses a proton, thereby forming 3-hydroxypropanal. This compound is

unstable and it further dehydrates into acrolein.1?

Ho\)\/on L> Ho\)\/OH — Ho\/;\\,(OH —> HO__OH
H

-H,0 -H*
Glycerol
Tautomerization
/Vo H o]
Z < '()\40 D H2°\/\/° <«—— HO A~
Acrolein -H* + -H,O

Scheme 3.2. Acid catalyzed dehydration of glycerol to acrolein

In the second step of the process, an acid catalyzed condensation of acrolein with
aniline produces 1,2,3,4-tetrahydroquinolin-4-ol. The latter undergoes two subsequent
reactions of dehydration and oxidation (the mechanism of which is rather unclear) ending

up in the formation of Qui (Scheme 3.3).16

L L M

NO JEELEY /\/OH

Acrolein
H OH
+
-~ ©\+ — ©\/—\+ R
2 H
H
OH
-HY N, PhNO, N
- oD e | U
-H* N -H,0 N -2H
H H Quinoline

Scheme 3.3. A mechanism for the acid catalyzed condensation of acrolein with aniline in the Skraup reaction

Notwithstanding the catalytic role of the acid, the conventional Skraup condensation
requires large amounts of concentrated H2S04. Moreover, harsh operating conditions must
be used including temperatures as high as 230 °C, which may result in mixtures of products

with moderate yields of Qui.16.20

These aspects represent an obvious limitation to the exploitation and scale up of the
process, especially for the implementation of the reaction under continuous-flow conditions

where the acid corrosion of the plant can be a further serious issue. A completely different
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approach must be considered starting from the choice of a strong acidic heterogeneous
catalyst. This must be not only able to promote the two key steps of the Skraup reaction
(Scheme 3.2 and Scheme 3.3), but it should also be cheap and chemically-mechanically stable
in the CF-mode.

Based on these considerations, a literature survey has been carried out in this work to
examine solid acids able to effectively catalyze at least the first of the two desired reactions,
i.e. the dehydration of glycerol to acrolein (Scheme 3.2):1821 among the available systems
including zeolites,22.23 heteropolyacids,192425 and metal oxidesZ627 the attention was focused

on niobium oxides,2829303132 particularly on niobium phosphate.
3.1.2 Niobium phosphate

Niobium exhibits formal oxidation states from +5 to -1, being +5 the most stable one.
In this state, Niobium(V) oxide (niobic acid, Nb20s) is a representative compound. It is a
white, air-stable and water insoluble solid obtained as a precipitate with an indeterminate
water content when water-soluble complexes of the metal are hydrolyzed or when a solution
of niobate is acidified.33 Hydrated niobic acid has a high acid strength (Ho from -5.6 to -8.2).34
It possesses both Lewis acid sites and Brgnsted acid sites on its surface,3> whose relative
amount (Lewis vs Brgnsted sites) can be modified by thermal pretreatments of the solid.
This surface acidity however, is greatly decreased if niobic acid is heated over 500-600 °C.
At this temperature, a phase transformation of amorphous Nb20s-nH20 to T-T phase Nb20s
occurs, as observed by DTA and XRD.35.36

Nb20s is known as an effective solid acid catalyst for reactions in which water
molecules participate or are liberated:37:38 remarkable examples include recently reported
dehydration reactions of bio-based chemicals such as xylose,3? fructose,*? cellulose.4!
Though, it has been discovered that Niobium phosphate (NbOPO4: NbP) obtained by the
reaction of niobic acid or niobium(V) chloride with H3POs, is even a more active and stable
system than Nbz20s, because NbP is able to retain its surface acidity even when treated at
high temperatures.*2434445> As was mentioned above, the known activity of NbP to catalyze
the dehydration of glycerol to acrolein prompted us to consider the application of this solid

acid for the continuous flow investigation of the Skraup synthesis.
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3.2 Results

The CF investigation of the Skraup synthesis was carried out in the laboratories of the
Clean Technologies Group at The University of Nottingham (UK). The experimental
apparatus used was similar to that described in the previous chapter (see chapter 2). It was
composed of two twin HPLC pumps for the separate delivery of liquid reactants, a static
mixer, a reactor (Ra) and a BPR. The mixer and the reactor were wrapped in aluminum
blocks heated by electric cartridges. All tests were carried out by filling up the reactor with
Niobium phosphate (NbOPO4: NbP, 1.2 g) as the catalyst. NbP was used as received without
any prior treatment. An in-line GC/FID was placed between the reactor and the BPR, and
used to automatically sample and analyze the reaction mixture. The latter was controlled by

a MathLab software (further details in the experimental paragraph).
3.2.1 Choice of the solvent and starting materials

Catalytic tests with NbP were initially performed by using equimolar aqueous
solutions (0.275 M) of both glycerol and aniline as the two reactants. It should be considered
that while glycerol was completely miscible in water, the solubility of aniline was limited to
a maximum of ~0.4 M.*¢ However, water was chosen not only for its intrinsic eco-friendly

character, but also for the good tolerance of niobium oxides to the aqueous medium.#047

The Skraup reaction was investigated under a wide range of conditions by varying the
temperature and the pressure from 200 to 300 °C and 1 to 100 bar. Though, at a complete
conversion, a mixture of products (most of them were not identified) was observed in which
the desired quinoline (3.1a) was achieved in a very moderate GC-yield, never exceeding
10%. It is well-known that aniline easily reacts with polar protic compounds such as light
alcohols: accordingly, the poor selectivity observed in the Skraup CF-tests was ascribed to

undesired side-reactions of aniline with the aqueous medium.

The rather unsatisfactory results of initial tests prompted us to consider the
replacement of water with an organic apolar medium such as toluene. However, although
toluene was completely inert toward aniline, it could not act as a solvent for glycerol. This
apparent drawback was overcome by using cyclic acetals, particularly solketal as a synthon
for glycerol. The investigation was then continued by exploring the CF reaction of solketal

and aniline in the presence of NbP as a catalyst. Under acid conditions, it was plausible that
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solketal underwent a rapid ring opening reaction (deacetalization) and therefore a Skraup

reaction could eventually occur.
3.2.2 Effects of the temperature and the flow rate

Four sets of experiments were carried out isothermally at 225, 250 and 275 °C at 100
bar with a constant reagent ratio Q=1 (solketal/aniline). Two equimolar solutions of solketal
and aniline in toluene (0.275 M) were separately delivered to the reactor at a flow rate of
0.1 mL/min each. CF-reactions were monitored for 24 hours. The results are reported in

Figure 3.3 in which the profiles of aniline conversion and selectivity towards Qui are shown.
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Figure 3.3. a) Aniline conversion and b) quinoline selectivity of three sets of experiments with the mixer and
reactor heated at 225, 250 and 275 °C. Other conditions: flow rate = 0.1 mL/min for both solution of solketal
and aniline in toluene (0.275M each); p = 100 bar; catalyst (NbP) loading=1.2 g

The first significant observation was that the Skraup reaction took place since Qui was
noticed as the major reaction product. This notwithstanding the use of solketal in place of
glycerol (Scheme 3.4). Tests showed that an increase of the conversion from ~40% up to
~80% could be reached by progressively enhancing the temperature from 225 °C to 275 °C
(Scheme 3.3a). The selectivity however, followed a different trend. It increased up to
maximum value of 55-60% at 250 °C; afterwards, it dropped to 20-30% at 275 °C due to the
onset of several side-reactions leading to unknown products. This trend was confirmed by
two additional experiments (not shown here) carried at a lower and a higher temperature:
in particular, at 200 and 300 °C, the reaction proceeded with a conversion of ~20 % and

~85%, and a Qui selectivity of ~8% and ~10%, respectively.

121



3. GLYCEROL FOR THE SYNTHESIS OF N-HETEROCYCLES
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Scheme 3.4. Quinoline from the CF reaction of solketal and aniline over NbP

The best compromise in term of conversion and selectivity was clearly achieved at 250
°C. Under such conditions, being the other parameters unchanged, two further tests were
run by either decreasing or increasing the reactants flow rate at 0.05 and 0.2 mL/min,
respectively. Figure 3.4 a) and b) show the results. For a convenient comparison, Figure 3.4

also reports the profile achieved at a flow rate of 0.1 mL/min (black curve, same of Figure
3.3).
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Figure 3.4. a) aniline conversion and b) quinoline selectivity of three sets of experiments with the mixer and
reactor heated at 250 °C. Other conditions: flow rates were set at 0.05, 0.1 and 0.2 mL/min for both the
solutions of solketal and aniline in toluene (0.275 M); p = 100 bar; catalyst (NbP) loading=1.2 g

Tests proved that the flow rate had a minor effect, if any, on the conversion of aniline.
This remained substantially steady at 55-60% for the first 10-15 h of reaction (Figure 3.4a).
Then, if the experiments were prolonged, the higher flow rate (0.2 mL/min) brought about

a decrease of the conversion to 45%: this was noticed starting from 20 hours on (red profile).

The selectivity towards Qui (~55%) was also not affected by the flow rate when this
was set in the range of 0.05-0.1 mL/min; though, as for the conversion, the selectivity

decreased (30-40 %) at 0.2 mL/min (Figure 3.4b).

Overall, results were consistent with the mechanism shown in Scheme 3.5. The acidity

of the catalyst (NbP) plausibly promoted a first step of deprotection of the ketal by which
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glycerol (and acetone) formed. Such a reaction was triggered by the amount of water present
in the catalyst. Then, the dehydration of glycerol to acrolein occurred according to the
mechanism known for niobium oxides.21.26.28 Finally, the reaction of acrolein with aniline
produced the desired Qui through the chemistry described for the Skraup reaction in
Scheme 3.3.

|-|o\/0k)/g '%Hzo' \)\/ T’ d % ©/\J

solketal acetone glycerol 2H,0 acrolein quinoline
3.1a

........................................................................................

Scheme 3.5. The mechanism proposed for the continuous-flow synthesis of quinoline (3.1a) from aniline

and solketal over niobium phosphate

The CF-tests of Figure 3.3 and Figure 3.4 also indicated the formation of several by-
products. One of these, i.e. 3-methyl-1H-indole, was observed in a sizeable quantity (up to
25%, (Figure 3.5), while other derivatives did not exceed 3% amount each in all the final
reaction mixtures.

N
/
3-methyl-1H-indole
3.1b

Figure 3.5. Major by-product of the reaction of solketal and aniline over NbP

Acetone released by the hydrolysis of solketal (Scheme 3.5, step 1) was plausibly
responsible for the presence of compound 3.1b. Therefore, an additional test was run under
the same conditions of Figure 3.3 (250 °C) by replacing the solution of solketal with a 0.275
M solution of acetone in toluene. The experiment showed the formation of two products (in
a total amount <8 %), the structure of which was assigned after isolation and

characterization by MS and NMR analyses (Scheme 3.6).
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Scheme 3.6. Products observed from the CF reaction of acetone and aniline over NbP

None of these compounds corresponded to 3-methyl-1H-indole, thereby negating the
hypothesis that such product (3.1b) derived from the reaction of acetone and aniline.
Curiously, the same reaction (acetone+aniline) was reported to produce product 3.2b over
zeolite catalysts;*8 though, neither 3.2a nor 3.2b were observed (not even in traces) during
the tests of Figure 3.3 and Figure 3.4 in the presence of NbP. Further considerations on the

mechanism for the formation of 3-methyl-1H-indole are reported later on this chapter (see

discussion section).
3.2.3 Effects of reagents concentration and pressure

Four sets of experiments were carried out under the above described conditions (250
°C, 100 bar, flow rate of 0.1 mL/min for both aniline and solketal solutions), but by varying
the reagents concentration. In particular, from 0.275 to 0.55 M for aniline, and from 0.275
to 0.825 M for solketal. The results are reported in Figure 3.6 a) and b) which show the

profiles of aniline conversion and selectivity towards Qui obtained in the different reactions.
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Figure 3.6. a) aniline conversion and b) quinoline selectivity of four sets of experiments carried out at 250
°C, 100 bar, and at a flow rate of 0.1 mL/min for both aniline and solketal solutions. Reagents concentration
was: 0.275 M for aniline and Solketal (blue); 0.275 M for aniline and 0.55 M for Solketal (red); 0.275 M for
aniline and 0.825 M for Solketal (black); 0.55 M for aniline and 0.275 M for Solketal (pink). The catalyst
(NbP) loading was 1.2 g.
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In the first ten hours of the reaction, the increase of the solketal concentration led to
an enhancement of the conversion from ~60% to ~80% (Figure 3.6a: compare blue to red
and black profiles). However, if the test was prolonged up to 24 hours, the higher the
solketal excess (with respect to aniline), the faster the deactivation of the catalyst. This was
particularly manifest when aniline and Solketal were used in a 1:3 molar ratio. After 17 h,
the conversion dropped to ~25 % (Figure 3.6a: black profile). By contrast, the selectivity
toward Qui remained substantially steady at ~50% regardless of the relative concentration

of reagents (Figure 3.6b).

To investigate the effect of the pressure, additional tests were carried out at 250 °C by
using aniline and solketal in a 1:3 molar ratio. Solutions of both reactants were delivered at
a flow rate of 0.1 mL/min, while p was varied from ambient pressure to 50 bar. The results
are reported in Figure 3.7 which show the profiles of aniline conversion and selectivity

towards Qui obtained in the different reactions (the black profile is the same of Figure 3.6).
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Figure 3.7. a) aniline conversion and b) quinoline selectivity of four sets of experiments at 250 °C. Solutions
of solketal (0.825 M) and aniline (0.275 M) in toluene were both pumped at a flow rate of 0.1 mL/min.
Pressure was set to ambient, and at 10, 50, and 100 bar, respectively. The catalyst (NbP) loading was 1.2 g.

In the range of 50-100 bar, the conversion profiles almost perfectly overlapped to each
other. However, if the pressure was decreased, the conversion of aniline decreased as well.
This effect was particularly pronounced for the test carried out at ambient pressure, where
the conversion dropped below 20% after only 2.5 hours. Of note, providing that a pressure
of at least 10 bar was applied, the conversion stabilized to ~20% after 20 hours of reaction
(Figure 3.7 a). By contrast, a Qui selectivity of ~50% was achieved only if the operating
pressure was =50 bar (black and red profiles); below this value, the selectivity rapidly

dropped to less than 30% (green and pink profiles).
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3.2.4 The scale-up of the reaction

The scale-up of the reaction was investigated by using a CF-system similar to that
previously described with the only variation on the reactor setup. This reactor (Rb) was
composed by three steel tubes (20 cm, @=1/4") connected in series to each other (see
experimental section for further details). The total volumetric capacity was of ~4.5 mL and
the total catalyst (NbP) loading 3.6 g. Experiments were run under the same condition of
those in Figure 3.3 (250 °C, 100 bar) by using equimolar solutions of both reactants at flow
rates of 0.1 and 0.3 mL/min. The results are shown in Figure 3.8 where the profiles of
conversion of aniline and selectivity towards Qui are indicated. For a more convenient

comparison, the Figure also reports the results of Figure 3.3 (blue profile).
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Figure 3.8. a) aniline conversion and b) quinoline selectivity at 250 and 100 bar. A 0.275 M solketal and
0.275M aniline solutions were used. Reactor Rb with NbP load =3.6 g.

The use of a high capacity CF-reactor improved the reaction outcome if the operating
flow rate was set to 0.1 mL/min: a conversion as high as 70-80% was steadily reached for
65 hours with only a moderate decrease to 60% after 72 h (black profile: Figure 3.8a). Under
such conditions, the product distribution also took advantage: the Qui selectivity stabilized
at ~60% for up to 50 hours with a progressive decrease to 45% after 72 h. (black profile:
Figure 3.8b).

By contrast, poor results were gathered when the flow rate was set at 0.3 mL/min. The
catalyst was rapidly deactivated at the level that both conversion and selectivity did not

exceed 35% after only 25 hours (red profiles in Figure 3.8).
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3.2.5 The scope of the reaction

The CF-protocol investigated for aniline was extended to two different primary
aromatic amines including an electron rich- and a bifunctional- substrate such as 4-
mehoxyaniline and 4,4’-methylenedianiline (MDA), respectively. The reactions were run
under the same conditions of Figure 3.3. Due to the limited solubility of MDA in toluene,
acetone (10% v/v) was added as a co-solvent. Scheme 3.7 shows the structure of major

products.

Minor amount (<10 %)

H
NH2 b NS N N
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Scheme 3.7. Products observed from the CF reaction of 4-mehoxyaniline and 4,4’-methylenedianiline with

solketal over NbP.

In both cases, the expected quinoline derivatives were the most abundant compounds.
Although conditions were not optimized, once the CF-reaction of 4-methoxyaniline with
solketal was allowed to proceed for 24 h, 6-methoxy quinoline 3.3a was obtained in a GC-
yield of 30%. Two main by-products were 3.3b and 3.3c in a total amount <15%. All these
compounds were isolated and characterized by MS and NMR analyses (further details in the

experimental section).

The reaction of MDA with glycerol was rather sluggish at 250 °C: after 2.5 h, a
conversion of only 57% was reached. Therefore, being the other conditions unaltered, a
higher temperature of 300 °C was used. This allowed to obtain both the mono- and di-
substituted quinolines 3.4a and 3.4b, respectively. The corresponding GC-yields were 20
and 12 % after a CF-reaction carried out for 6 hours. The two products were never
previously reported: they were isolated and characterized by MS and NMR analyses (further
details in the experimental section). Also, a crystal of compound 3.4a was obtained and the

structure was confirmed by crystallographic analysis (Figure 3.9).
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Figure 3.9. Crystallographic structure of compound 3.4a

3.3 Discussion

The here described investigation offers a starting point for the development of an
alternative route to the known Skraup reaction.l” Particularly, the use of a heterogeneous
acid catalyst such as NbP (in place of conc.d H2S04) and CF conditions represent the most
remarkable achievements of this study. By contrast, aspects that still require to be improved
are the use of: i) toluene. Although this is considered an acceptable solvent,*250 it is not only
an extra component (with respect to the conventional Skraup reaction), but it must be used
in a relevant amount; ii) solketal as starting material in place of glycerol. Of course, the
protocol would be more attractive through the straightforward use of glycerol, thereby

avoiding protection (acetalization) reactions.
3.3.1 The reaction and the catalyst

Although the glycerol dehydration over niobium oxides is a known process,282932 the
reaction between acrolein and aniline has never been reported in the presence of this type
of catalysts. There are several examples of catalytic systems able to promote this reaction
(Doebner-Miller, Scheme 3.1) such as HCI,>152 silver oxides>3 and even basic catalysts.>* The
literature however, offers very few cases of one-pot batch synthesis of quinoline compounds,
able to start directly from glycerol and using catalysts different from sulphuric acid. One
example is the microwave-assisted synthesis of Qui by the reaction of 1-(1-alkylsulfonic)-3-
methylimidazolium chloride ionic liquid.>> Also, some mixed oxides based on Al203 have

been described to catalyze the synthesis of Qui from glycerol.56

To the best of our knowledge, only two CF procedures report the formation of Qui from
the reaction of glycerol and aniline. However, in both processes, Qui is observed as a minor
product. The first CF-method makes use of a Cu/Cr catalyst supported over Al203 and doped
with alkali earth elements:57 this system produces 3-methyl-1H-indole in a 65% yield, while
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Qui is detected in low amounts from 0.7 to 10.6%. The second protocol is based on a
microwave-assisted CF-reaction catalyzed by diluted H2504.°8 Under these conditions,
notwithstanding the complex apparatus used, the maximum conversion of aniline and yield

of Qui are 5.3 and 4%, respectively.

The present study demonstrates the feasibility of CF-protocol for a Skraup-like
synthesis in which NbP and solketal (rather than glycerol) are used for the first time as a
catalyst and a reagent. Under the best found conditions, the conversion of aniline and the
selectivity towards Qui do not exceed 80% and 60%, respectively, which means that there
might be still room for improvement. It should however be considered that the overall
reaction occurs through three subsequent catalytic steps (Scheme 3.5). If one examines the
critical step of dehydration of glycerol (step II), available data indicate that the reaction over
NbP or mesoporous siliconiobium phosphate as catalysts proceeds with conversion and
selectivity from 68 to 100% and from 70 to 75%, respectively.223032 [t is therefore
predictable that once the dehydration of glycerol is coupled to the other two catalytic steps
of Scheme 3.5, i.e. the ketal deprotection and the condensation of acrolein with aniline, the

result can only bring about a further decrement of the overall yield.

Another issue of the CF-dehydration of glycerol to acrolein is the fast deactivation of
the catalyst, this aspect being one of the major drawback of the process. The literature
reports that the acid strength of the most selective catalysts for such a reaction is between -
8.2 < Ho <-3.0.2159 Those systems having very strong acid sites (Ho<-8.2) which include also
niobium oxides, may offer a low reaction selectivity (40-50%) due to the onset of side
reactions of polymerization of acrolein and coke deposition processes.®® A significant
breakthrough for practical applications in this field would require to overcome this problem.
Various approaches have been proposed to limit the deactivation of dehydration catalysts.
21 These include the suppression of the rate of coking by adding Oz or H2 to the feed
flow19,61,62,63 and the modification of the catalysts with promoters able to change the acid
properties.24 Such methods however, have not been altogether successful and clearly
additional improvements are needed. In the particular case of the dehydration of glycerol
catalyzed by NbP, a fast deactivation of the catalyst has been reported after 8-10 h of time
on stream.2? Compared to the results obtained in this work, the deactivation of NbP is
manifest also from Figure 3.4a (red profile) and even a more pronounced effect is shown in
Figure 3.6a (black profile). It should be noted how the extent of the phenomenon is closely

related to the amount of solketal (and thus, of glycerol) used in the reaction. The more
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solketal is delivered to the reactor, the more acrolein is formed and consequently, the larger
the coke deposition over the catalyst active phase. However, it is also clear that the catalyst
shows a relatively slow rate of deactivation since conversion and selectivity are rather stable
up to 24 hours (or even 50 hours if a large catalyst loading is used; Figure 3.8). This behavior
can be plausibly explained by the fact that, as soon as acrolein is formed in situ, it is
consumed through the reaction with aniline (step IlI, Scheme 3.5). Accordingly, only a
modest concentration of acrolein may be available for polymerization side-reactions or coke

formation at the catalyst surface.
3.3.2 The formation of 3-methyl-1H-indole as a by-product

As mentioned above, one of the major side-products of the investigated reaction of
solketal with aniline is 3-methyl-1H-indole. The formation of this derivative might be
explained by the presence of both Brgnsted and Lewis acid sites on the niobium phosphate

catalyst.33.64.65

It has been reported that catalysts bearing both Brgnsted and Lewis acid sites may
promote two different dehydration pathways of glycerol: Brgnsted sites are responsible for
the conversion of glycerol to acrolein, while Lewis sites account for the formation of
hydroxyacetone.t¢67.68 Scheme 3.8 shows a mechanism proposed for the occurrence of

hydroxyacetone over La2CuOs as a catalyst.6®

OH OH
H,C
Ho L _oH Ho _J\_oH 2 on| , (oH H)
(Y OH st
—Cu—0=—
—Cu—O0— —Cu—O0—
l- H,0
(o]
/”\/OH
Hydroxyacetone

Scheme 3.8. Proposed mechanism for the formation of hydroxyacetone from glycerol over La2CuO4

A concerted reaction between copper (as a Lewis acid) and an oxygen ion allows the
removal of water from a primary OH group of glycerol, yielding an unstable enol

intermediate, which undergoes a rapid tautomerization to hydroxyacetone.

Once formed, hydroxyacetone may react with aniline to produce 3-methyl-1H-indole.>”

A hypothesis to describe this reaction has been proposed by Shi and co-workers who
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investigated the reaction of glycerol and aniline over zeolites-supported Cu-based catalysts

(Scheme 3.9).69

(0]
HO HO™ X -
/\g/ . /Y - ; J\(
OH
Hydroxyacetone OH
OH OH OH

NH, H2 H
+

@ N\H\ N\H\ -H,0 Ne A
B —— E —_—

o~ OH

OH,
+
H* N§)\ -H,0 NN -H* N

—_ — ) =

3-methyl-1H-indole

Scheme 3.9. The reaction of hydroxyacetone with aniline over zeolites-supported Cu-based catalysts

Once glycerol is converted to hydroxyacetone, the latter is transformed to 2-hydroxy-1-
propanal via keto-enol tautomerism. The aldehyde undergoes a condensation with aniline
to form a a-hydroxyimine intermediate. Then, the loss of a second molecule of water
generates a secondary carbocation able to trigger a ring closing reaction which provides the
final indol derivative. The presence of Cu-based weak acid sites is believed to favor the

cleavage of C-O bonds during the subsequent dehydration processes.

Mechanisms similar to those depicted in Scheme 3.8 and Scheme 3.9 plausibly
operate also on niobium phosphate in which Nb cations are the Lewis acid sites able to
originate first hydroxyacetone and then, 3-methyl-1H-indole (Scheme 3.10, bottom). This

preliminary hypothesis must be confirmed by further studies.

N
* AN
Brgnsted acid No H
 acrolein Aniine Z

OH 3.1a
HO\)\/OH T
glycerol o . H
Lewis acid )J\/OH # P
hydroxyacetone niine
3.1b

Scheme 3.10. Effect of the nature of the acid site on the reaction selectivity
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3.3.3 Different anilines

NbP is an active catalyst not only for the Skraup-like condensation of solketal with
aniline, but also for the reaction of other electron rich primary aromatic amines such as 4-
methoxyaniline and 4,4’-methylenedianiline (MDA). Although the experimental conditions
probably need a case-by-case optimization, the investigation proves the concept by

demonstrating the general scope of the CF-procedure.

Particularly, the reaction of MDA is the more interesting case since it allows the access
to a mono- and a bis-quinoline derivative (compounds 3.4a and 3.4b, respectively). It
should be noted that the literature offers only one example of a reaction of MDA with glycerol
catalyzed by concentrated H2S04;70 though, being concentrated sulfuric acid a far more
reactive catalyst than NbP, only the bis-quinoline product 3.4b has was achieved. By
contrast, not only an unprecedented synthesis of compound 3.4a, but also its
crystallographic characterization have been demonstrated in this work. Compound 3.4b

was also isolated, but no crystals could be obtained.

3.4 Conclusions

The here described procedure represents one of the few examples of CF-synthesis of
Qui, and, to the best of our knowledge, it is the only procedure which reports the use of a
heterogeneous catalyst. Niobium phosphate (NbP) as solid acid has been investigated.
Although the implementation of the reaction in aqueous solution would appear as the most
convenient approach, catalytic tests have demonstrated that the combined used of a
hydrocarbon (aprotic apolar) solvent such as toluene, and a protected form of glycerol such
solketal as a starting reagent, offers a satisfactory practical solution to reach conversion and
selectivity up to ~60%. If one considers that the overall process is comprised of 3 different
catalytic steps, the overall performance of NbP is more than acceptable at this stage. Another
interesting aspect is the outstanding on-stream life of the catalyst. With respect to the crucial
step of dehydration of glycerol to acrolein, it is known that NbP is rapidly deactivated in few
(8-10) hours due to coke deposition. However, in the investigated Skraup-like condensation,
NbP may operate for up to 24 hours (or even 50 hours if a large catalyst loading is used)
without any loss of its performance. It is reasonable that the co-reactant aniline limits the

formation of acrolein (and coke) by trapping glycerol in the desired process of synthesis of

Qui.
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The proposed CF-protocol has proven suitable to other anilines such as 4-methoxy
aniline and MDA, the latter (MDA) allowing the preparation of a never previously reported

compound (3.4a).

3.5 Experimental
3.5.1 Materials

Acetone, aniline, cyclohexane, ethyl acetate, glycerol, methanol, 4-methoxyaniline, 4,4'-
methylenedianiline (MDA), 1,2-Isopropylideneglycerol (Solketal), and toluene were ACS
grade. They were all purchased from Aldrich and used as received without further
purification. Water was of MilliQ grade. Carbon dioxide was obtained from BOC Gases (Food
grade) and used as received. Sand was also from Aldrich and used as such. Niobium
Phosphate (NbOPO4, NbP) was supplied by Companhia Brasileira de Metalurgia e Mineracao
(CBMM) and used as received.

3.5.2 Analysis instruments

GC/FID analysis were run on a Shimadzu GC/FID-2014 spectrometer using an Restek
Rtx-1 capillary column (L=30 m, #=0.32 mm, film=0.25 pm). The following conditions were
used. Carrier gas: Nz; flow rate: 5.0 mL/min; split ratio: 1:10; initial T: 50 °C (3 min), ramp

rate: 15 °C/min; final T: 240 °C (10 min).

1H and 13C NMR analyses were recorded on 300, 400 and 500 MHz Bruker units.

Chemical shift were reported in 6 values downfield from TMS and CDCl3 was used as solvent.

Mass analysis were run on a Bruker MicroTOF with positive ionization mode.

X-ray analyses were collected at 120 K with a monochromatic wavelength of 1.54184.
3.5.3 CF apparatus

The apparatus used for the investigation was assembled in-house (Figure 3.10).
Stainless steel pipes (0=1/16") with appropriate Swagelok fittings were used to connect all
the parts. Two Jasco PU-980 HPLC pumps (P1 and P2) were used to deliver the reactant’s
solutions (reactant 1: glycerol or solketal, and reactant 2: aniline) to two stainless steel

tubular chambers (20 cm, @=1/4", inner volume=1.46 cm3) placed in the upright position.

133



3. GLYCEROL FOR THE SYNTHESIS OF N-HETEROCYCLES

The first (Mixer) was filled with sand and the second (Reactor, Ra) filled with NbP (1.2 g).
Two aluminum blocks, both equipped with heating cartridges (controlled by Eurotherm
2616 heaters), were used to heat the Mixer and the Reactor at the desired temperature
which was monitored by a Picologger. A temperature trip (Eurotherm 2122) was introduced
in the system to prevent overheating. After the Reactor, the mixture was real-time analyzed
by a GC/FID (in-line GC/FID). The pressure was controlled by a Jasco BP-1580-81 back
pressure regulator (BPR). The system pressure was monitored by a pressure sensor placed
before the Mixer. Pressure, temperature and pumps flow rates were all monitored and
controlled by a Mathlab program. A COz cylynder was connect between the pumps and the

Mixer.

Mixer

Heater

CO,

P1

Reactor

Reactant 2

O

P2 | In-line
GC/FID

.

m— ) — )

Heater

Reactant 1 BPR

Collection
Figure 3.10. Experimental setup used for the CF anilines aromatization over NbP

The scale-up of the reaction was investigated by adopting a different configuration. The
mixer and the reactor were replaced by a 4 in-line tubular chambers as shown in Figure 3.11.
The first chamber was filled with sand (Mixer) and the 3 remaining tubes with 3.6 g (3 x 1.2
g) of NbP (Reactor, Rb). A single aluminum block, with four heating cartridges, was used to

heat the multiple reactor.

134



3. GLYCEROL FOR THE SYNTHESIS OF N-HETEROCYCLES

Figure 3.11. Scale-up mixer and reactor setup

3.5.4 General procedure for the CF-synthesis of N-heterocycles

Preliminary procedures. The substrates (aniline or solketal or glycerol or acetone)
solutions were prepared by using toluene or water as solvent at these following
concentration: 0.275, 0.550 and 0.825 M. The Mixer was filled with sand and the Reactor
(Ra) with 1.2 g of NbP. Prior to the reaction, a leak detection was performed by filling the
system with 100 bar of CO2z and checking all the fitting with a liquid leak detector.

Reaction procedure. A preliminary conditioning of the apparatus was carried out by
delivering the two reactants solutions to the system at flow rates in the range 0.05-0.2
mL/min for a minimum of 5 minutes. Afterwards, the BPR was set to the operating pressure
(from atmospheric to 100 bar). When the pressure was stabilized, both the Mixer and the
Reactor (Ra) were heated at the working temperature (225-300 °C). Then, the reaction
mixture was analyzed by the in-line GC/FID at regular intervals (usually every 30 min) for
24-72 h.

System shutdown and cleaning. Once the experiment was complete, the aluminum
blocks were set to cool down atr.t. while pure methanol (50 ml at 0.5 mL/min) was delivered
to the system. Afterwards, COz was pumped to flush the methanol away. The system was

then vented to the atmospheric pressure and the reactor emptied.
3.5.5 Isolation and characterization of products

Quinoline (3.1a)
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The reaction was carried out accordingly to the general procedure above described:
two 0.275 M solutions of aniline and solketal in toluene, were allowed to react at 0.1 mL/min
over 1.2 g of NbP at 250 °C and 100 bar for 1 hours (Figure 3.3). The mixture sampled out of
the reactor was rotary evaporated (45 °C, 40 mbar, 30 min) and vacuumed in a schlenk line
(r.t, 3h). The brown oily residue was purified by FCC (cyclohexane:ethylacetate 85:15 v/v)

and charachterized by NMR and mass analyses.

1H NMR (400 MHz, CDCl3) 6 8.92 (dd, ] = 4.2, 1.7 Hz, 1H), 8.19 - 8.09 (m, 2H), 7.85 -
7.80 (m, 1H), 7.72 (ddd, ] = 8.5, 6.9, 1.5 Hz, 1H), 7.55 (ddd, ] = 8.1, 6.9, 1.2 Hz, 1H), 7.40 (dd, ]
= 8.3, 4.2 Hz, 1H). 13C NMR (100 MHz, CDCl3) & 150.53, 148.40, 136.22, 129.60, 129.58,
128.43, 127.92, 126.68, 121.21. Mass (Most Intense MS Peaks) m/z: 158.0968 (51.0),
144.0808 (31.0), 131.0683 (10.6), 130.0653 (100.0).

3-Methyl-1H-indole (3.1b)

The reaction was carried out accordingly to the general procedure above described:
two 0.275 M solutions of aniline and solketal in toluene, were allowed to react at 0.1 mL/min
over 1.2 g of NbP at 250 °C and 100 bar for 1 hours (Figure 3.3). The mixture sampled out of
the reactor was rotary evaporated (45 °C, 40 mbar, 30 min) and vacuumed in a schlenk line
(r.t,, 3h). The oily residue was purified by FCC (cyclohexane:ethylacetate 80:20 v/v) and

charachterized by NMR and mass analyses.

1H NMR (500 MHz, CDCl3) & 7.59 (dd, ] = 7.8, 1.1 Hz, 1H), 7.35 (dd, ] = 8.0, 0.9 Hz, 1H),
7.19 (ddd, ] = 8.2, 7.0, 1.3 Hz, 1H), 7.12 (ddd, ] = 7.9, 7.0, 1.0 Hz, 1H), 6.97 (dd, ] = 2.3, 1.2 Hz,
1H), 2.34 (d, ] = 1.1 Hz, 3H). 13C NMR (125 MHz, CDCl3) & 136.39, 128.41, 121.98, 121.68,
119.23, 118.95, 111.86, 111.06, 9.80. Mass (Most Intense MS Peaks) m/z: 289.1683 (10.2)
263.1535 (13.3), 190.1229 (12.3), 158.0967 (58), 146.0963 (24.7), 144.0809 (48.9),
131.0687 (11.0), 130.0654 (100.0).

6-Methoxyquinoline (3.3a)

The reaction was carried out accordingly to the general procedure above described:
two 0.275 M solutions of aniline and solketal in toluene, were allowed to react at 0.1 mL/min
over 1.2 g of NbP at 250 °C and 100 bar for 1 hours (Scheme 3.7). The mixture sampled out
of the reactor was rotary evaporated (45 °C, 40 mbar, 30 min) and vacuumed in a schlenk
line (r.t, 3h). The oily residue was purified by FCC with gradient solutions of
cyclohexane:ethylacetate from 85:15 to 50:50 v/v) and charachterized by NMR and mass

analyses.
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1H NMR (300 MHz, CDCls) 6 8.78 (dd, ] = 4.3, 1.7 Hz, 1H), 8.12 - 8.07 (m, 1H), 8.07 -
8.02 (m, 1H), 7.43 - 7.36 (m, 2H), 7.09 (d, ] = 2.8 Hz, 1H), 3.95 (s, 3H). 13C NMR (75 MHz,
CDCI3) 6 157.95,147.72,144.15, 135.25,130.68, 129.48, 122.63,121.49, 105.24, 55.68. Mass
(Most Intense MS Peaks) m/z: 161.0789 (11.2), 160.0766 (100.0).

4-Methoxy-N-methylaniline (3.3b)

The reaction was carried out accordingly to the general procedure above described:
two 0.275 M solutions of aniline and solketal in toluene, were allowed to react at 0.1 mL/min
over 1.2 g of NbP at 250 °C and 100 bar for 1 hours (Scheme 3.7). The mixture sampled out
of the reactor was rotary evaporated (45 °C, 40 mbar, 30 min) and vacuumed in a schlenk
line (r.t, 3h). The oily residue was purified by FCC with gradient solutions of
cyclohexane:ethylacetate from 85:15 to 50:50 v/v) and charachterized by NMR and mass

analyses.

1H NMR (300 MHz, CDCl3) § 6.84 - 6.78 (m, 2H), 6.69 - 6.62 (m, 2H), 3.76 (s, 3H), 2.82
(s, 3H). 13C NMR (75 MHz, CDCls) & 152.7, 142.9, 115.1, 114.4, 55.98, 32.2. Mass (Most
Intense MS Peaks) m/z: 301.1545 (25.2), 188.1068 (11.3), 160.0756 (18.3), 138.0919
(100.0), 123.0679 (20.5).

N-Ethyl-4-methoxyaniline (3.3c)

The reaction was carried out accordingly to the general procedure above described:
two 0.275 M solutions of aniline and solketal in toluene, were allowed to react at 0.1 mL/min
over 1.2 g of NbP at 250 °C and 100 bar for 1 hours (Scheme 3.7). The mixture sampled out
of the reactor was rotary evaporated (45 °C, 40 mbar, 30 min) and vacuumed in a schlenk
line (r.t, 3h). The oily residue was purified by FCC with gradient solutions of
cyclohexane:ethylacetate from 85:15 to 50:50 v/v) and charachterized by NMR and mass

analyses.

1H NMR (300 MHz, CDCl3) & 6.82 - 6.75 (m, 2H), 6.62 - 6.55 (m, 2H), 3.75 (s, 3H), 3.11
(q,]=7.1Hz, 2H), 1.24 (t,] = 7.1 Hz, 3H). 13C NMR (75 MHz, CDCl3) 6 152.19, 142.91, 115.04,
114.25, 55.98, 39.60, 15.16. Mass (Most Intense MS Peaks) m/z: 323.1751 (11.4), 301.1554
(17.2),153.1104 (10.), 152.1077 (100.0), 123.0680 (15.5).

4-(Quinolin-6-ylmethyl)aniline (3.4a)

The reaction was carried out accordingly to the general procedure above described:

two 0.275 M solutions of aniline and solketal in toluene, were allowed to react at 0.1 mL/min
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over 1.2 g of NbP at 250 °C and 100 bar for 1 hours (Scheme 3.7). The mixture sampled out
of the reactor was rotary evaporated (45 °C, 40 mbar, 30 min) and vacuumed in a schlenk
line (r.t, 3h). The oily residue was purified by FCC with gradient solutions of
cyclohexane:ethylacetate from 80:20 to 30:70 v/v) and charachterized by NMR and mass

analyses.

1H NMR (400 MHz, CDCls) & 8.85 (dd, ] = 4.3, 1.7 Hz, 1H), 8.07 (dd, ] = 8.3, 1.8, 1H), 8.01
(d,]=9.2, 1H), 7.58 - 7.54 (m, 2H), 7.36 (dd, ] = 8.3, 4.2 Hz, 1H), 7.02 (d, ] = 8.3 Hz, 2H), 6.67
~ 6.63 (m, 2H), 4.06 (s, 2H). 13C NMR (100 MHz, CDCl3) & 149.9, 147.3, 144.9, 140.7, 135.9,
131.4, 130.6, 130.1, 129.5, 128.5, 126.6, 121.2, 115.5, 41.2. Mass (Most Intense MS Peaks)
m/z: 236.1273 (18.8), 235.1245 (100.0).

di(Quinolin-6-yl)methane (3.4b)

The reaction was carried out accordingly to the general procedure above described:
two 0.275 M solutions of aniline and solketal in toluene, were allowed to react at 0.1 mL/min
over 1.2 g of NbP at 250 °C and 100 bar for 1 hours (Scheme 3.7). The mixture sampled out
of the reactor was rotary evaporated (45 °C, 40 mbar, 30 min) and vacuumed in a schlenk
line (r.t, 3h). The oily residue was purified by FCC with gradient solutions of
cyclohexane:ethylacetate from 80:20 to 30:70 v/v) and charachterized by NMR and mass

analyses.

1H NMR (300 MHz, CDCl5) § 8.91 (dd, ] = 4.3, 1.7 Hz, 2H), 8.09 (m, 4H), 7.70 - 7.57 (m,
4H), 7.41 (dd, ] = 8.3, 4.2 Hz, 2H), 4.39 (s, 2H). 13C NMR (100 MHz, CDCl3) § 150.1, 147.3,
138.9, 135.7, 131.2, 129.8, 128.4, 127.1, 121.3, 41.8. Mass (Most Intense MS Peaks) m/z:
277.1343 (24.0), 272.1270 (19.9), 271.1245 (100.0), 139.0734 (15.4).

2,4-Dimethylquinoline (3.2a).

The reaction was carried out accordingly to the general procedure above described:
two 0.275 M solutions of aniline and acetone in toluene, were allowed to react at 0.1 mL/min
over 1.2 g of NbP at 250 °C and 100 bar for 1 hours (Scheme 3.6). The mixture sampled out
of the reactor was rotary evaporated (45 °C, 40 mbar, 30 min) and vacuumed in a schlenk
line (r.t., 3h). The oily residue was purified by FCC (cyclohexane:ethylacetate 50:50 v/v) and

charachterized by NMR and mass analyses.

1H NMR (500 MHz, CDCl3) 6 8.02 (d, ] = 8.5, 1H), 7.95 (dd, ] = 8.3, 1.4 Hz, 1H), 7.67 (ddd,
] =8.4,6.8,1.4Hz, 1H), 7.50 (ddd, ] = 8.2, 6.9, 1.3 Hz, 1H), 7.14 (d, ] = 1.1 Hz, 1H), 2.70 (s, 3H),
2.67 (d, 3H). 13C NMR (126 MHz, CDCI3) § 158.80, 147.84 , 144.32, 129.28, 129.24 , 126.70
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,125.55,123.72,122.86,25.38, 18.74. Mass (Most Intense MS Peaks) m/z: 266.1900 (10.7),
172.1123 (53.1), 159.0992 (12.9), 158.0961 (100.0).

2,2,4-Trimethyl-1,2-dihydroquinoline (3.2b)

The reaction was carried out accordingly to the general procedure above described:
two 0.275 M solutions of aniline and acetone in toluene, were allowed to react at 0.1 mL/min
over 1.2 g of NbP at 250 °C and 100 bar for 1 hours (Scheme 3.6). The mixture sampled out
of the reactor was rotary evaporated (45 °C, 40 mbar, 30 min) and vacuumed in a schlenk
line (r.t., 3h). The oily residue was purified by FCC (cyclohexane:ethylacetate 50:50 v/v) and

charachterized by NMR and mass analyses.

1H NMR (500 MHz, CDCl3) § 7.07 (dd, J = 7.6, 1.5 Hz, 1H), 6.99 (td, ] = 7.6, 1.5 Hz, 1H),
6.67 (td, ] = 7.5, 1.3 Hz, 1H), 6.53 - 6.49 (d, 1H), 5.32 (d, ] = 1.5 Hz, 1H), 1.99 (d, ] = 1.4 Hz,
3H), 1.30 (s, 6H). 13C NMR (125 MHz, CDCl3) § 142.63 , 128.75, 128.53 , 128.49 , 123.78,
122.06,117.89,113.58,52.17,30.82, 18.71. Mass (Most Intense MS Peaks) m/z: 278.1801
(15.0), 214.1602 (16.7), 175.1316 (13.6), 174.1287 (100.0), 172.1126 (12.3), 158.0962
(15.9).
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4 CATALYST-FREE TRANSESTERIFICATION

4.1 Introduction

The upgrade of biomass-derived glycerol generally encompasses two classes of
reactions: a) oxidations or reductions to prepare mostly three-carbon atom derivatives,

and b) conversion of glycerol into higher homologues. 123

Only to cite a few examples, class a) often includes metal (Pd, Pt, Bi and Au)-catalysed
oxidation*>¢ and hydrogenation/hydrogenolysis processes,”8° as well as fermentative
pathways to produce 1,2- and 1,3-PDO (1,x-propanediol), dihydroxyacetone, glyceric and
tartronic acids, biosurfactants and other organic acids.1911 While, class b) is mainly
oriented to the chemical conversion of glycerol into: i) esters (especially di-, and tri-
acetylglycerols) and ethers for pharmaceutics, cosmetics, fuel and food additives, and
polymers,1.1213.14 jj) epichlorohydrin for epoxyresins, iii) glycerol carbonate and acetals for
polymer, surfactant and solvent/anti-freezing applications.15.1617 This massive activity also
fuels another area of investigation dealing with the upgrading of major glycerol
derivatives. In this Thesis work, the attention has been focused on the reactivity of glycerol
and its most common acetal derivatives (see chapter 2, Figure 2.1) with organic

carbonates.
4.1.1 The transesterification reaction

Transesterification is one of the classic organic reactions that have enjoyed numerous
applications in laboratory practice as well as in the synthesis of a variety of intermediates
in the pharmaceutical, cosmetic, fragrance, fuel and polymers industry.18
Transesterification reactions are catalyzed under acid, basic or even neutral conditions.1?
An excellent review by Otera et al, has detailed many applications of the most popular
catalytic systems.20 These include both acids such as sulfuric, sulfonic, phosphoric, and
hydrochloric, and bases such as metal -alkoxides, -acetates, -oxides, and -carbonates. It
should be noted that transesterification reactions are often carried out over solid
(heterogeneous) catalysts to improve work-up, recycle, and purification of products,
especially for large scale preparations. Heterogeneous systems include supported metal
oxides and binary oxide mixtures: for example, Mo03/SiO2 and sol-gel Mo0O3/TiO2 have

found applications in the polycarbonate chemistry for the preparation of diphenyl oxalate
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monomer (DPO, Scheme 4.1),21.22 while TiO2/Si02 and similar binary combinations have
been used in the transesterification of $-ketoesters?3 and in the synthesis of unsymmetrical

carbonates R10C(0)OR2.24

o A~ OH o
o + 2 MoO4/SiO, o + 2 CH3CH,OH
o~ _— o

; o
DEO DPO

Scheme 4.1. Transesterification of diethyl oxalate (DEO) with phenol catalyzed by Mo0O3/SiOx.

Superacid solids have been described as transesterification catalysts: a remarkable
case is the recently patented synthesis of sucrose-6-ester - a food sweetener - by a process
carried out over a mixture of sulfated oxides of various metals.25 Acidic ion exchange resins
should also be mentioned in this context. The performance of such system has been proven
in an elegant investigation by Van de Steene et al. on the model transesterification of ethyl

acetate with methanol.26

The production of biodiesel blends is another sector in which the catalytic
transesterification is extensively used. In particular, heterogeneous catalysts including
calcium, manganese and zinc oxides as such or mixed, are widely used to convert natural
triglycerides into FAMEs or FAEEs (Fatty Acid Methyl- or Ethyl Esters) with methanol or
ethanol, respectively.2’ The most common system is CaO which is obtained by calcination
of readily available and cheap resources including waste products such as shells and even
livestock bones.28293031 However, traditional catalysts such as alkali bases or alkaline
methoxides are still encountered even for novel syntheses of biofuels: an example is
biodiesel achieved by the transesterification of oils with dimethyl carbonate (DMC) in the

presence of KOH (Scheme 4.2).3233

OCOR OCOR
o}
OCOR + \o)Lo/ _KOH_  2RCOOMe + o
OCOR 0/&0
TG DMC FAMEs FAGC

Scheme 4.2. Transesterification of a triglyceride with DMC for biodiesel production using KOH as base

catalyst.
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The reaction allows to obtain FAMEs and fatty acid glycerol carbonate monoesters
(FAGCs), without the concurrent formation of glycerol, often a highly undesirable by-
product.

The transesterification reaction can also be promoted by enzymes. A major driver for
the choice of enzymes is their high efficiency that allows to operate under very mild
conditions and with a variety of raw materials. However, since these advantages are partly
offset by their cost and relatively short life, the implementation of biocatalytic processes
makes sense preferably for the preparation of high added-value chemicals. This holds true
also for esterification and transesterification reactions for which the literature often claims
the use of lipase as a biocatalyst. To cite a few examples: i) Tudorache et al. reported the
lipase-mediated reaction of glycerol with DMC for the synthesis of glycerol carbonate
under solvent-free conditions. A 60% yield was achieved along with an effective recycle of
the catalyst;3# ii) the formation of six-membered cyclic carbonates as monomers for
polyurethanes and polycarbonates, was achieved by a high yielding (85%)
transesterification of dialkyl carbonates (DAICs) with trimethylolpropane carried out in
the presence of lipase at 80 °C;3> in a very recent review on the bioconversion of oils, lipase
was mentioned as the most suitable enzyme for an innovative and green production of

biodiesel.36

In addition to the above described catalysts, amines and organometallic derivatives
should also be cited in the field of homogeneous catalytic systems for transesterification
reactions. Remarkable cases are those of triethylamine and Fe-Zn double-metal cyanide
complexes:3738 among other applications, these compounds successfully catalyzed the
reaction of DMC with both polyols (glycerol) and other OCs to achieve the expected

transesterification products with total conversion and selectivity.
4.1.2 Dialkyl carbonates (DAICs)

Over the last two decades, DAICs have gained attention as green reagents. Starting
from DMC, the simplest term of this class of compounds, DAICs are among the most
promising candidates for the replacement of conventional noxious solvents and fuel
additives as well as for the development of innovative intermediates in the pharma,

lubricant and polymer industries (Figure 4.1).3940
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Figure 4.1. DMC and examples of generic alkyl carbonates

The interest for these compounds comes from multiple aspects, which include: i)
safety and toxicological properties; ii) synthesis and chemical reactivity, and iii) physical
and solvent characteristics. A good model example is DMC which is a non-toxic derivative,

and it is merely classified as a flammable liquid.#! (Table 4.1)

Table 4.1. Toxicological data of DMC

Toxicity LD50 (g/kg)
Oral (rat) 13.0
Intraperitoneal (rat) 1.6
Oral (mouse) 6.0
Intraperitoneal (mouse) 0.8
Dermal (rabbit) 5.0

Other carbonates used in this work are diethyl carbonate (DEC), dibenzyl carbonate
(DBnC) and propylene carbonate (PC). The toxicological profiles of these compounds are
neither as good nor complete as that of DMC. For example, although DEC is still classified as
a nontoxic liquid, it is not only a flammable, but also an irritating substance, while DBnC
(low melting solid) is harmful by contact to skin and ingestion.#243 Nonetheless, these
products can be considered far safer and greener than many conventional dangerous
reagents including phosgene, dialkyl halides, and dialkyl sulfates that are used for similar

reactions and synthetic scopes.

Dimethyl carbonate. The success of DMC as a green reagent is mostly due to the
combination of its nontoxicity and its versatile reactivity, being DMC able to exhibit a

double nature as a methylating and a carboxymethylating agent.

Both methylation and a carboxymethylation reactions are conventionally carried out
by using methyl iodide or dimethyl sulphate in the first case, and phosgene in the second
one. These procedures however, pose several drawbacks which make them undesirable
from several points of view: i) the (methylating and carbonylating) reactants, particularly

phosgene, are highly toxic and corrosive compounds; ii) stoichiometric amounts of bases
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are always required to neutralize acidic by-products formed during the reactions.
Therefore, the production of contaminated salts to be disposed of, cannot be ruled out; iii)
organic solvents are necessary to ensure not only homogeneity, but also an accurate heat-

control since reactions are highly exothermic processes.**

DMC can be efficiently used to overcome most of these issues. As mentioned above,
since DMC bears two electrophilic sites, i.e. the carbonyl and the alkyl carbons, it may
display a dual reactivity.*> Scheme 4.3 exemplifies the reaction between a generic dialkyl

carbonate and nucleophile (NuH) in the presence of a base catalyst (B).

NuH +B BH™ + Nu (a)
e ™ 1 NUCO.F RC
O-R+ RO (L)
, 0 /B2 s 2
N =0
: N2 ——
R W NuR + ROCH {C)
\J

IR y+ 1C ]

BH® + RO B+ ROH (a)

Scheme 4.3. Dual reactivity of DAICs

Once the reaction of NuH with the base takes place, an activated (anionic) nucleophile
(Nu) is obtained (Eg. a). This species is able to attack both the carbonyl and the alkyl
positions of the carbonate (Eqn. b and c: paths 1 and 2, respectively), leading to the
transesterification (NuCO2R) and/or the alkylation (NuR) derivative. The reactions
conditions, particularly the temperature and the nature of the catalyst, may effectively tune
the product distribution by steering the process to the selective formation of only one of
two possible products (this will be further clarified later in this chapter). The alkylation
reaction produces an alkylcarbonate anion (ROCO2’) which due to its instability, rapidly
decomposes to COz and an alkoxide RO-. The latter is finally neutralised by the protonated
base BH* to form the corresponding alcohol and the initial base that is regenerated as a

catalyst.

On other hand, the nontoxicity of DMC is a result of the recent evolution of the
methods for its synthesis on an industrial scale. Before the 80’s, the preparation of DMC

was based on a reaction involving a lethal chemical: the phosgenation (Cl2CO) of methanol
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(Scheme 4.4, top). Since then, the processes for the production of DMC have progressively

improved in terms of environmental impact, safety and economics.

(e}

1980 Phosgene @ # | +2CHOH — Jq + 2 HC
— H3CO” “OCH,
+1/,0, + 2 CH30H o + H,0 EniChem
1990 Carbon monoxide ¥  »
+N,03 + 2 CH30H HsCO”™ "OCH;z + 2NO + H,0  Ube Industries
o
2000 carbon dioxide e e - & + 2CHsOH —> )J\ +HOCH,CH,0OH Asahi Kasei Corp.
:,/ H3CO™ ~OCHj;

Scheme 4.4. Top: phosgenation of methanol; middle: EniChem and Ube Processes; bottom: Asahi Process

for the production of DMC.

Thus, by the early 90’s, two main phosgene-free large-capacity processes were
operative, both based on the incorporation of carbon monoxide (CO) and methanol by
transition metal catalysis: one developed by EniChem#® and the other by Ube Industries.4”
The EniChem process involved the oxidative carbonylation of methanol, i.e. the reaction of
methanol with carbon monoxide and oxygen catalyzed by cuprous chloride, while the Ube
process was based on oxidative carbonylation of methanol via methyl nitrite using NOx as
oxidant instead of oxygen and a palladium catalyst (Scheme 4.4, middle). Although both
these routes were highly safer than that starting from phosgene, they still continued to use
poisonous carbon monoxide and methyl nitrite as raw materials, and potentially corrosive

chlorine-based catalysts.

Carbon dioxide is the natural green alternative carbonyl source to these undesirable
feedstocks (in particular to CO), though its thermodynamic stability poses severe
challenges. This potential limitation was overcome by Asahi Kasei Corp. that recently
industrialized a catalytic polycarbonate production process based on the use of COz2 for the
synthesis of DMC as an intermediate for the preparation of diphenyl carbonate monomer.
The overall manufacture starts with the organo-catalytic insertion of COz into ethylene
oxide to give ethylene carbonate. Then, the second step involves the transesterification of
ethylene carbonate with methanol and is carried out in a continuous distillation reactor
loaded with quaternary ammonium strongly basic anion exchange resin and in the
presence of alkali hydroxides. This reaction yields pure dimethylcarbonate (DMC) and it is
one of the major breakthrough of Asahi-Kasei process (Scheme 4.4, bottom). The third and

final step is the transesterification of DMC with phenol by catalytic reactive distillation in
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the presence of a homogeneous Ti, Bu-Sn, or Pb catalysts. A high purity diphenyl carbonate

is so achived.*8

It should be noted how the catalytic transesterification is a crucial
reaction not only for the preparation of DMC, but also for the synthesis of higher organic

carbonate homologues (Scheme 4.5).4°

o)
P} MeOH o ROH (o)

\ / + COo, —» oo &———= Hsc\OJ\O/CHs S R‘OJ\O’R
o \/ (- HOCH,CH,OH) MC oCe

(higher homologues)

Scheme 4.5. The transesterification in the synthesis of OCs.

Moreover, the synthesis of DMC by transesterification of ethylene carbonate with
methanol does not necessarily require transition metal catalysis as did the EniChem and
Ube processes. Instead, it can be effectively catalyzed by a combination of supported basic
ammonium resins and homogeneous alkaline bases.#8 This demonstrates that there is a
large potential for the development of new transition metal-free catalytic systems for the
transesterification reaction both towards the synthesis of OCs as well as in view of their

further transformations.

Many dialkyl- and alkylene- carbonates including DMC, DEC, and propylene
carbonate have another important characteristic that makes them desirable while
designing a green reaction or process: they are good solvents able to solubilize most of the
common organic compounds and, even though at relatively high temperatures, some
inorganic bases such as alkaline carbonates (M2C03: M=Na, K).*5 For this reason, DAICs
may often serve with a double function acting both as solvents and a reagents. The absence
of additional components (solvents or co-solvents) greatly improves the safety and
facilitates the final work-up of the mixture since the (reactant/solvent) carbonates have
usually lower boiling point than the products, and they can simply be removed by
distillation and recycled. Moreover, inorganic base catalysts can also be filtered off at room

temperature, and re-used virtually indefinitely (Scheme 4.3).

4.2 Catalyst-free transesterification of DAICs with glycerol acetals

Glycerol acetals (GAs), particularly glycerol formal (GlyF) and Solketal, have been

widely described in Chapter 2. Among their attractive properties as renewables and safe
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derivatives, these compounds possess a short OH-capped tether (hydroxymethylene
group) which allows a synthetic access to a number of other functionalities.>051.52 These
features have been a great stimulus to explore in this Thesis work, innovative protocols for
the conversion of glycerol acetals into high added-value derivatives. Our research group
recently succeeded in the reaction of glycerol formal and solketal with different DAICs
(dimethyl, diethyl-, and dibenzyl-carbonate): under batch conditions (2200 °C), it was
demonstrated that a highly selective (up to 99%) and high-yielding (80-99%) O-alkylation
reaction of acetals occurred at Tz 200 °C and in the presence of K2CO3 as a catalyst.>3

Scheme 4.6 illustrates the model reaction with DMC.

Hzofv ROH + MeOH + CO,
d

R
~0 0/ + MeOH

o~ "0
DMC

o
o
ROH + \ JJ\ e K2C03 °l'C02

b o
RN | + MeoCOH

|

MeOH + CO,

(1) 5k

Glycerol formal Solketal

Scheme 4.6. The mechanism for the methylation of GlyF and Solketal with DMC

The overall transformation could be explained by a combined sequence of alkylation,
carboxyalkylation, decarboxylation and hydrolysis processes. Both methyl and
carboxymethyl derivatives of acetals were initially formed (ROMe and ROCO:2Me,
respectively; paths a and b. Compare Scheme 4.3). However, as the methylation proceeded,
the reversible transesterification backtracked: ROCO2Me gradually decreased to zero,
while ROMe became the final product. The disappearance of the carboxymethyl product
was further assisted by competitive decarboxylation and hydrolysis reactions [paths (c)
and (d)],>* that also took place for DMC [paths (e)-(f)]. Hydrolysis reactions were plausibly
due to traces of water adsorbed by the highly hygroscopic K2C03.55

Besides the synthetic value, the procedure also exemplified a genuine green model
since it coupled innocuous renewables (GAs) to non-toxic alkylating agents such as DAICs

in a catalytic reaction.
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In a continuation of this investigation, the same reaction was explored with a
different objective: the selective mono-transesterification of DAICs with glycerol acetals

(Scheme 4.7).

OH

~ o
o_o*o 0° o 0 /.—(_ o
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Scheme 4.7. Selective mono-transesterification of DAICs with glycerol acetals

No previous studies were available in the literature for such a transformation. Among
the possibilities to envisage a synthetic protocol, organocatalysis offered an attractive
perspective as recently reported by us.>657.58 However, other preliminary results of our
group suggested that the mono-transesterification reaction could take place also under
catalyst-free batch conditions providing that a reasonably high temperature (= 200 °C)
were used.>3 Of the two (organocatalysis and catalyst-free) options, the second one was
more promising since in the absence of catalysts, operating conditions and product
separation procedures could be simplified; moreover, an easier implementation of large
scale productions could be devised. These aspects have inspired the work discussed above
in this section, which demonstrates that the catalyst-free transesterification of DAICs with

glycerol acetals can be optimized under continuous-flow conditions.

The results of this study have been the object of a publication on the RSC journal
Green Chemistry, which is described in the following paragraphs, from 4.2.1 to 4.2.4.5°

4.2.1 Results

The catalyst-free reaction of DMC with glycerol formal was chosen as a model process
to begin the investigation. Conditions for the initial tests, in particular the temperature and
the reactant molar ratio, were selected according to our preliminary results obtained for

batch reactions.5>3

The experimental apparatus used for the investigation was similar to that described
in previous works of our research group,®® and in Chapters 2 and 3 of this Thesis. It was

composed of a HPLC pump for the delivery of liquid reactants, a thermostated oven, a static
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mixer, a reactor and a back pressure regulator. A detailed description of the overall system

is given in the experimental paragraph.

4.2.1.1 Effects of the pressure and the temperature.

Four sets of experiments were carried out isothermally at 225, 250, 275, and 300 °C,
respectively, using a constant DMC:GlyF molar ratio (Q) of 20 (the excess DMC served both
as reagent and a carrier/solvent). In each experiment, a mixture of DMC (48.6 mL) and
GlyF (2.5 mL) was fed to the reactor at a combined volumetric flow rate of 0.05 mL/min.
The pressure was stepwise increased from ambient up to 100 bar: typical increments were
of 5-10 bar. At any given pressure, the reaction was allowed to proceed for 90 min.
Periodic GC/MS analyses of the mixture, collected at the reactor outlet, showed that both
the conversion and the product distribution remained steady after a time interval of 60-80
min. On condition that a threshold pressure in the range of 20-50 bar was exceeded, an
unprecedented result was obtained: not only the desired process occurred, but also the
formation of the mono-transesterification product took place with a very high selectivity,

over 95% (Scheme 4.8).

OH

o OH (0]
J\ + H\ ,__(_ cat free \| /—(_ >—0\ + MeOH
~o” o~ *o_ 0O o OO Me
0 0 "~V 225-300 c ~
DMC Glycerol formal 15-35 bar 4. 4.1a'

Scheme 4.8. The catalyst-free selective transesterification of DMC with glycerol formal

In particular, two isomeric carbonates 4.1a and 4.1a’ [1,3-dioxan-5-yl methyl
carbonate and (1,3-dioxolan-4-yl)methyl methyl carbonate, respectively] were obtained in
the same (3:2) relative ratio of the starting glycerol formal acetals. The structures of 4.1a
and 4.1a" were assigned by GC/MS and NMR analyses. Other by-products (total <5%)
derived from the double transesterification of DMC with GlyF.

Figure 4.2 report the trend of reaction conversion and selectivity observed as a

function of the pressure at each of the investigated temperatures.
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Figure 4.2. Effects of temperature and pressure on the non-catalytic (thermal) transesterification of DMC
with GlyF. Four isothermal profiles are shown at: i) molar ratio Q=DMC:GlyF=20; ii) flow rate=0.05 mL/min;

iii) sampling time (at any pressure)=1.5 hours

In no case did the reaction take place at ambient pressure. However, very small
pressure increments could dramatically affect the process. For example, at the lowest
investigated temperature (225 °C), a significant enhancement of the conversion from 2 to
48% was achieved between 15 and 20 bar (Figure 4.2a). No further improvements of the
reaction outcome were appreciated at higher pressures. An analogous behavior was
observed as the temperature was increased. Though, an even more remarkable effect was
manifest. At 250 °C, the conversion of GlyF sharply boosted up from 1% to 85%, once the
applied pressure went from 20 to 27 bar, and then it remained steady throughout the
range of 30-60 bar (Figure 4.2b). The same held true at 275 °C, where a steep rise of the
conversion (up to 87%) was observed between 30 and 37 bar (Figure 4.2c). A slightly
different trend occurred at 300 °C. The reaction profile followed a gentler sloped sigmoidal

curve that reached a stable value of 85-87% only at 50 bar (Figure 4.2d).

The comparison of Figure 4.2b-d indicated that an equilibrium conversion of ~85%

could be achieved at 250-300 °C. However, as the temperature was increased, the pressure
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necessary for the reaction to proceed must be progressively augmented from 27, to 37, and
to 50 bar, respectively. At 225 °C, although a lower equilibrium conversion was achieved

(48%), a lower operating pressure was required (20 bar).

An additional test was devised also under batch conditions. A solution (40 mL) of
GlyF and DMC in a 1:20 molar ratio was charged in glass reactor placed inside a stainless
steel autoclave (inner volume 150 mL). Attention was paid to avoid any contact of reagents
with inner walls of the autoclave. The overall system was heated at 200 °C for 24 hours.
GC/MS analyses of the final reaction mixture showed that the conversion was 84% with a
mono-transesterification selectivity of 93% (the only by-product was from the double
transesterification of DMC with GlyF). This result definitely proved the thermal nature of
the reaction. Since the process occurred in a glass liner, any contribution of catalysis by

metal components of stainless steel was ruled out.

4.2.1.2 Recycle of the mixture, reproducibility, mass balance, and productivity.

CF-processes are particularly suited to perform recycling operations aimed at
improving the reaction outcome and the final productivity. Accordingly, based on previous
results of Figure 4.2, two sets (A and B) of experiments were carried out to optimize the
conversion of the investigated mono-transesterification. Conditions were those of Figure
4.2c. In set A, a continuous reaction of DMC and GlyF (in a 20:1 molar ratio, 0.05 mL/min)
was allowed to proceed at 275 °C, 60 bar for 18 hours. Samples of the mixture at the
reactor outlet were analyzed at time intervals (by GC/MS, every 1.5 hours). The colourless
clear solution (54 mL) recovered at the end of the test was distilled to remove the
MeOH/DMC azeotrope (70:30 v/v, 2.5 mL; bp=62-65 °C) formed during the reaction,61.62
and the initial volume was restored by addition of fresh DMC. The solution was then
recycled by feeding it to the CF-reactor where another reaction was allowed to occur under
the above described conditions (275 °C, 60 bar, 0.05 mL/min). Also in this case, the

composition of the mixture at the reactor outlet was periodically monitored by GC/MS.

In set B, two subsequent CF-reactions of DMC and GlyF were performed using the
same procedure of set A, except for the fact that no fresh DMC was added between the first
and the second reaction. The results are reported in Figure 4.3 where the conversion of
GlyF and the mono-transesterification selectivity are reported for the two sequential sets

of experiments.
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Figure 4.3. Recycling tests carried out at 275 °C and 60 bar. Initial runs (fresh) of both sets A and B were
performed by using a mixture DMC/GLyF in a 20:1 molar ratio. The volumetric rate (F) was always 0.05

mL/min. Values of conversions and selectivities were those after 1.5 hours

Three major aspects emerged: i) an equilibrium position was readily achieved in all
cases. GC/MS analyses showed that mixtures recovered at the reactor outlet preserved the
same composition throughout the experiment, from 1 to 18 hours. On average, before the
recycle, mixtures were composed of unreacted acetal (12-13%), transesterification
product (mixture of isomers 4.1a and 4.1a’, 84-86%), and minor by-products (< 2-3%)
(Figure 4.3: bars 1-2 and 5-6, respectively); while, recycled mixtures (after the second pass
through the CF-reactor) contained less than 5% of GlyF and by-products, the remainder
being the desired compound (4.1a and 4.1a’) (bars 3-4 and 7-8, respectively). This proved
that the recycle could improve the conversion of GlyF from ~85% up to a substantially
quantitative value (95-97%, second pass), without any appreciable alteration of the
selectivity that remained constant at 96-98%; ii) the addition of fresh DMC before the
recycle did not affect the reaction outcome (compare A and B recycle, bars 3-4 and 7-8).
This suggested that the overall process could be further intensified by decreasing the
volume of DMC; iii) the comparison of Figure 4.2c and Figure 4.3 as well as the consistent
composition of reaction mixtures sampled and analyzed during long-running tests (up to
18 hours) indicated that a robust procedure with highly reproducible results was achieved.
This was substantiated also by the validation of the reaction mass balance: after the recycle
tests, the transesterification product was isolated in a 92% yield (total of 4.1a and 4.1a’).
Isomeric carbonates 4.1a and 4.1a’ were obtained in the same (3:2) relative ratio of the
starting acetals. Worthy of note was the extremely easy separation procedure that took
place through a one-step distillation of the final mixtures (54 mL) without additional

purifications or need for extra solvents.
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To further explore the potential of the investigated procedure, the effect of the DMC
amount was analyzed. The protocol of Figure 4.2 was changed by decreasing the volume of
DMC: in particular, three CF-reactions were performed using reactant molar ratios Q
(DMC:GlyF) of 20, 10 and 5. Experiments were carried out at 250 °C since this temperature
offered the best compromise between good conversions and convenient, not too high,
pressures (20-40 bars; Figure 4.2b). In each test, the combined flow rate was set to 0.05

mL/min and the pressure was gradually increased from ambient up to 50 bar.

Results are reported in Figure 4.4 which details the trend of the conversion of GlyF

with the increase of the pressure at the different Q ratios used.
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Figure 4.4. The conversion GlyF at different pressures and DMC:GlyF (Q) molar ratios. T=250 °C, volumetric

rate F=0.05 mL/min. Values were determined after 1.5 hours

As Q was decreased from 20 to 10, the shape of reaction profiles was similar, but two
differences were manifest: i) the onset of the reaction took place in the proximity of 15 bar
(Q=10) and 25 bar (Q=20); ii) a slight drop of the equilibrium conversion, from ~85 to
~80%, was observed (black and red curves). The last aspect was far more evident when the
Q ratio was further reduced to 5. The maximum allowed conversion declined from ~77% at

15-20 bar, to level off at a value of 70% at higher pressures (240 bar, blue profiles).

Also the reaction selectivity (not shown in the Figure) towards the product 4.1a and
4.1a’ slightly decreased from 96-98% at Q=10-20, to 88-93% at Q=5, respectively. The
lower DMC:GlyF ratio favored the double transesterification of DMC with GlyF. The
reaction was most conveniently carried out by using a DMC excess of 10 molar equivs. with
respect to GlyF. This allowed to operate at a moderate pressure (<30 bar) with only a

minor drop of the equilibrium conversion.
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Under such conditions, a recycling experiment was carried out analogously to that
described in Figure 4.3. A continuous reaction of DMC and GlyF (Q=10; F=0.05 mL/min)
was allowed to proceed at 250 °C and 30 bar, for 18 hours. Then, the solution (54 mL)
recovered at the reactor outlet was distilled to remove the MeOH/DMC azeotrope, and
recycled for a second pass through the CF-reactor. The results confirmed those of Figure
4.3. The recycle of the mixture enhanced the GlyF conversion from 81 to 94% with no
alteration of the mono-transesterification selectivity (= 96%). A final distillation gave
isomers 4.1a/4.1a’ in a substantially quantitative yield (purity 298%, by GC). The relative
ratio 4.1a/4.1a’ (3:2) corresponded to that of the starting acetals.

Additional tests were carried out to evaluate and possibly optimize the system
productivity (P) as well. This was calculated by the mass of desired product obtained per
time unit (mg/min of the isomer mixture 4.1a and 4.1a’. In the CF-mode, a DMC/GIlyF
mixture (Q=10) was set to react at 250 °C and 30 bar, by progressively increasing the total
volumetric flow rate (F) from 0.05 mL/min to 0.6 mL/min. Typical increments were of
0.05-0.1 mL/min. At any chosen F rate, the same volume (10 mL) of the reaction mixture
was used: the corresponding reaction times were variable from 17 to 180 min.®3 The
solutions collected from the reactor were analyzed by GC/MS to determine both the

conversion of GlyF and the product distribution. Results are reported in Figure 4.5.
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Figure 4.5. The effect of the flow rate (F) on conversion (red), selectivity (blue), and productivity (green) of
the transesterification of DMC with GlyF. Conditions: 250 °C, 30 bar, Q=10

A 4-fold increase of the flow rate from 0.05 to 0.2 mL/min had no effects on the
conversion that remained substantially constant at 80-83%. The progress of the reaction
was apparently disfavored by further increments of F. The conversion dropped from ~80

to 35% as the residence time (t) was gradually reduced from 300 to 100 sec (red profile, in
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the range of 0.2-0.6 mL/min). Notwithstanding this, the mono-transesterification
selectivity always remained very high (>95%), and even most importantly, the reaction
productivity (P) showed an almost linear increase from 7 mg/min up to a maximum of 42
mg/min when F was changed from 0.05 to 0.4 mL/min (green profile). P then slightly
decreased to 35 mg/min at higher flow rates (0.5 mL/min). Compared to the limited
capacity of the used CF-reactor (1 mL), this result not only highlighted an excellent
performance of the reaction, but also opened a perspective for larger scale applications and

further process intensification.

Overall, the study described by Figure 4.2-Figure 4.5 proved the feasibility of the
model catalyst-free thermal transesterification of DMC with GlyF, and offered a strategy to
optimize the process under CF-conditions. To continue exploring its potential, the
investigation was then focused on the scope and limitations of the synthesis by using other

DAICs and glycerol-derived acetals.

4.2.1.3 Different carbonates: the reaction of diethyl carbonate with glycerol formal.

Diethyl carbonate (DEC), the simplest linear Cs-homologue of DMC, was initially used.
CF-reactions of DEC with GlyF were carried out based on the results, the method, and the
apparatus above described for DMC. A mixture of DEC and GlyF (in a 10:1 molar ratio,
respectively) was continuously fed through a CF-reactor thermostated at a temperature
comprised between 250 and 300 °C. The flow rate was 0.05 mL/min. In analogy to
experiments of Figure 4.2 and Figure 4.4, the pressure was gradually increased from
ambient up to 100 bar. Conversion and product distribution were determined by GC/MS
analyses of the mixtures that were periodically sampled at the reactor outlet.°* Three
isothermal reaction profiles were obtained at 250, 275, and 300 °C. In all cases, a highly
selective (>95%) mono-transesterification reaction occurred providing that an operating

pressure above 20 bar was applied (Scheme 4.9).
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Scheme 4.9. The catalyst-free mono-transesterification of DEC with glycerol formal

As for DMC, this result was never previously reported under catalyst-free conditions,

particularly in the CF-mode. The structures of isomeric carbonates 4.2a and 4.2a’ [1,3-
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dioxan-5-yl ethyl carbonate and (1,3-dioxolan-4-yl)methyl ethyl carbonate, respectively]
were assigned by GC/MS and NMR analyses. The relative ratio 4.2a/4.2a’ was the same
(3:2) observed for starting acetals. Other by-products (total <5%) derived from the double
transesterification of DEC with GlyF. Figure 4.6 shows the trend of the reaction conversion

as a function of pressure, at each of the investigated temperatures.
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Figure 4.6. Effects of temperature and pressure on the non-catalytic transesterification of DEC with GlyF.
Three isothermal profiles are shown at 250, 275, and 300 °C in the range of 10-100 bar. Other conditions: i)
molar ratio Q=DEC:GlyF=10; ii) F=0.05 mL/min; iii) sampling time (at any pressure)=1.5 hours. In all cases

the selectivity was greater than 95%

Isothermal profiles of the transesterification of DEC with GlyF showed both analogies
and differences with respect to the corresponding reaction of DMC (Figure 4.2). Analogies
were: i) the reaction did not take place at ambient pressure, but only over 20 bar, and ii) an
equilibrium conversion (up to 80%) was reached with increasing pressure (green and
orange curves). Differences included: i) conversion profiles did not show steep abrupt
changes, but followed sigmoid-like curves extended over relatively large pressure intervals
from 20 up to 50 bar (compare violet, orange, and green profiles); ii) a higher temperature
was required for the reaction. For example, at 250 °C, (equilibrium) conversions of GlyF
were 85% and 23% in the transesterification of DMC and DEC, respectively (Figure 4.2c
and Figure 4.6); iii) less evident temperature/pressure relations were observed. At 250-
275 °C, the behavior paralleled that of DMC: as the temperature increased, the pressure
interval for the onset of the reaction should also increase. However, at 300 °C, the
threshold pressure (25-30 bar) for the transesterification process was similar, if not lower,

to that at 275 °C.
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The results of Figure 4.6 allowed to conclude that DEC was less reactive than DMC
and the formation of products 4.2a/4.2a’ could be conveniently carried out at 300 °C and
50 bar. Under such conditions, an additional test was carried out to evaluate the reaction
productivity. The same procedure described for DMC (Figure 4.5) was used: a DEC/GIyF
mixture (Q=10, 10 mL) was set to react in the CF-mode by progressively increasing the
total volumetric flow rate from 0.05 mL/min to 1 mL/min. The corresponding reaction
times were variable from 10 to 180 min.®3 The conversion and the product distribution of

mixtures collected at the reactor outlet were determined by GC/MS. Results are reported in

Figure 4.7.
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Figure 4.7. The effect of Flow rate on conversion (red), selectivity (blue), and productivity (green) of the

transesterification of DEC with GlyF. Conditions: 300 °C, 50 bar, Q=10

The productivity was linearly enhanced from 8 to 68 mg/min of 4.2a/4.2a’ when F
was increased by a factor of 10 from 0.05 to 0.5 mL/min. A drop to 48 mg/min was then
observed at greater flow rates. With respect to DMC, the higher reaction temperature (300
vs 250 °C: Figure 4.7 and Figure 4.5, respectively) was the plausible reason for the better
productivity achieved with DEC. The result confirmed that not only the CF-
transesterification of DEC with GlyF was practicable under catalyst-free conditions, but

also a robust and reproducible procedure was used.

Products 4.2a and 4.2a’ were isolated by distillation of the mixture (total volume 54
mL) recovered after a reaction carried out for 18 hours at 300 °C and 50 bar. However, the
separation was tricky: due to the close boiling points of the unconverted GlyF (~15%) and
the products, the yield of compounds 4.2a and 4.2a’ (total of the isomer mixture) did not

exceed 73% (further details are in the experimental section).
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4.2.1.4 Different carbonates: the reaction of PC and DBnC with GIyF.

Liquid propylene carbonate (PC, bp=242 °C) was a good model compound to
investigate the behavior of alkylene carbonates in the reaction with GlyF. CF-conditions
used for this study were based on the results described for DEC (Figure 4.6). A mixture of
PC and GlyF (in a 10:1 molar ratio, respectively; F=0.05 mL/min) was set to react in the CF-
mode at a temperature of 250, 275 and 300 °C under a constant pressure of 50 bar. No
changes of the operating pressure were considered. GC/MS analyses of solutions recovered
at the reactor outlet proved that a highly selective (>95%) mono-transesterification
reaction occurred with the formation of four isomeric products (4.3a and 4.3a’, and 4.4a
and 4.4a’), whose relative ratios 4.3a/4.3a’ and 4.4a/4.4a’ corresponded to that of the
starting acetals (3:2). (Scheme 4.10).
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Scheme 4.10. The catalyst-free mono-transesterification of PC with GlyF

The structures of such carbonates were assigned by GC/MS analyses. Due to the
complexity of the reaction mixtures, the NMR characterization was not practicable.t>
Experiments showed that the rise of the temperature from 250 to 275 and 300 °C brought
about a corresponding increase of the conversion of GlyF from 7 to 23 and 53%,
respectively. These results were not further optimized, nor the isolation of products was
accomplished: any attempt to separate (by distillation) unreacted GlyF and excess PC from
derivatives 4.3 and 4.4 was not successful because of the close boiling points of the
involved compounds. However, tests for the CF-transesterification of PC with GlyF were
repeated under the same conditions of Scheme 4.10 and with the additional validation of
GC-analyses by an external standard (n-tetradecane). Results were in very good agreement
to those of previous experiments. Calibrated conversions of 7, 27, and 48% were achieved
at 250, 275 and 300 °C, respectively. The overall study proved the concept, thereby
confirming that PC could be used for the investigated CF-protocol, though it was less active

than DEC, and even less than DMC.
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Dibenzyl carbonate (DBnC) was finally considered for the transesterification with
GlyF. DBnC is a low melting solid (mp: 34 °C) which, upon heating, forms a highly viscous
liquid (bp:180-190 °C/2 mmHg). A solvent/carrier was therefore necessary to perform CF-
reactions. Two different solvents such as acetone and 1,2-dimethoxyethane (DME) were
considered for their physicochemical properties (particularly, low-mid boiling points and
polarity),%%67 and acceptable toxicological profiles.®8 A preliminary screening was carried
out using a solution of GlyF, DBnC and the solvent in a 1:5:12 molar ratio, respectively. This
mixture was set to react in the CF-mode at 250 °C and 50 bar, at a flow rate of 0.05
mL/min. Experiments demonstrated that after 1.5 hours, the mono-transesterification
reaction of DBnC with GlyF was achieved with excellent selectivity (>98%) (Scheme 4.11
and Figure 4.8).
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Scheme 4.11. The catalyst-free mono-transesterification of dibenzyl carbonate with GlyF
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Figure 4.8. The transesterification of DBnC with GlyF. Effect of the solvent and temperature on conversion
and selectivity. Conditions: 50 bar, molar ratio GlyF:DBnC:solvent=1:5:12; F=0.05 mL/min, 1.5 hours; left
(first four bars): 250 °C; right: (second four bars): 225 °C

The solvent greatly affected the equilibrium conversion of GlyF that improved from
11% in the presence of DME to 94% in acetone (Figure 4.8: red bars on left). The result
was substantiated by two other tests carried out under the same conditions (50 bar, molar

ratio GlyF:DBnC:solvent=1:5:12; F=0.05 mL/min, 1.5 hours), but at a lower temperature of
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225 °C. No reaction took place in DME, while an almost quantitative mono-
transesterification was observed in acetone (Figure 4.8: red bars on right). Of note, the
outcome of such a reaction was even better than that in DMC (compare Figure 4.2a). At 225
°C, the acetone-mediated process was allowed to proceed up to 4 hours. The volume (~12
mL) collected at the reactor outlet proved a substantially quantitative recovery of the
reaction mixture. The GC/MS analysis of this solution confirmed that GlyF was converted
into the corresponding carbonates 4.5a and 4.5a’ with negligible amounts (1%) of double
transesterification by-products. At the same time, also a partial decarboxylation of DBnC to
dibenzyl ether [(PhCH2)20, DBE] was noted in accordance to our previous results on the
high-temperature behavior of DAICs.>45> In line with these findings, DBnC was less

thermally stable than other DAICs such as DMC and DEC.

Products 4.5a and 4.5a" were new compounds. They were obtained in the same (3:2)
relative ratio of starting acetals. Of the different techniques attempted for their isolation,
FCC on silica gel (eluent: petroleum ether (PE)/diethyl ether (Et20), 1:1 v/v) was successful
to separate even the single isomers in a highly pure form (>95%, by GC). Full structural
details of compounds 4.5a and 4.5a’ were achieved by NMR characterization study (see

experimental section).

Figure 4.8 also indicated that in the range of 225-250 °C, the temperature had a
minor effect on both the conversion and the selectivity. Although this suggested that there
was room for improvement, the optimization of such reaction was not attempted. Overall,
the reaction of DBnC not only confirmed that the CF-protocol was feasible for higher
carbonates, but it offered new perspectives on benefits of the use of light solvents of low-

to-mid polarity.

4.2.1.5 Different acetals: the reaction of DMC and DEC with solketal.

Solketal was used as a different acetal to further explore the thermal CF-
transesterification of both DMC and DEC. Reaction conditions were those of previous
experiments. A mixture of solketal and the chosen dialkyl carbonate (in a 1:20 molar ratio,
respectively) was set to react in the CF-mode at different temperatures of 250 and 275 °C
and at a total flow rate of 0.05 mL/min. Tests demonstrated that under a pressure > 30 bar,
highly selective (>98%) mono-transesterifications could be achieved also with solketal

(Scheme 4.12).
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Scheme 4.12. The catalyst-free mono-transesterification of DMC and DEC with solketal

In the case of DMC, the reaction was monitored by changing the operating pressure
from ambient up to 100 bar. Periodic GC/MS analyses of mixtures collected at the reactor
outlet showed that both the conversion of solketal and the selectivity were steady after a

sampling time of 60 min (at any given pressure). Figure 4.9 reports the results.
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Figure 4.9. Effects of temperature and pressure on the non-catalytic transesterification of DMC with solketal.
Isothermal profiles at 250 and 275 °C were obtained under the following conditions: i) molar ratio

Q=DMC:solketal=20:1; ii) flow rate=0.05 mL/min; iii) sampling time (at any pressure)=1 hours

The behavior was similar to that observed for the reaction of DMC with GlyF
(compare Figure 4.2b and c). This was especially true at 275 °C where an increment of the
pressure from 35 to 40 bar allowed a steep enhancement of the conversion from 4 to 96%,
respectively (orange curve). A broader profile was observed at 250 °C. Although the onset
of the reaction was at 30 bar, the process was almost quantitative only at 50 bar (green
curve). The two trends indicated that the lower the temperature, the lower the pressure at
which the reaction initiated. Of note, the equilibrium conversion of solketal (>95%) was

higher than that achieved for GlyF (~85%) in the same transesterification of DMC.

The reaction carried out at 275 °C was allowed to proceed for 18 hours. Then, the

mixture collected at the reactor outlet (54 mL) was vacuum distilled. An almost
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quantitative recovery of crude product 4.1b (5.1 g; purity 96% by GC) was achieved. The
structure of such a compound was assigned by GC/MS and NMR spectra.

In the case of DEC, two CF-experiments were carried out at 275 °C under a constant
pressure of 30 and 50 bar. The conversion of solketal was 70 and 72%, respectively. This
indicated that an equilibrium position was plausibly reached, though at a lower conversion
than that achieved with DMC (>95%, Figure 4.9). As for the transesterifications with GlyF,

reactions of solketal confirmed that DEC was less active than DMC.

The vacuum distillation of the mixtures (54 mL) recovered after these experiments,
allowed to isolate the crude product 4.2b in a 73% yield (3.2 g; purity 98% by GC), whose
structure was assigned by GC/MS and NMR spectra.

4.2.2 Discussion

4.2.2.1 The non-catalytic nature of the reaction.

The present study provides evidence that the investigated CF-transesterification of
DAICs with GAs is triggered by a combined effect of temperature and pressure. Isothermal
reaction profiles at T> 250 °C, show that the conversion of acetals can be tuned and
improved by increasing the operating pressure over a threshold value in the range of 20-
50 bar. Then, as expected for reversible processes, the transesterification reaches an
equilibrium position with excellent conversions (85-95%) that remain steady for higher

pressures (70-100 bar).

This is a general outcome that although with some variations, is observed when both
different carbonates react with the same acetal (Figure 4.2 and Figure 4.6), and
alternatively, when different acetals react with the same carbonate (Figure 4.2 and Figure

4.9).

The behavior of CF-reactions and the results of batch experiments on the
transesterification of DMC with GlyF offer a convincing support for the occurrence of
thermal (non-catalytic) processes. Such (thermal) transesterifications are not new
reactions, but literature examples are almost exclusively referred to the production of
biodiesel. Among the first reported cases in 1998, an investigation proposed a kinetic
model for batch reactions of soybean oil with methanol performed at 220-235 °C and 55-
60 bar.%? Thereafter, different fundamental and applied studies demonstrated that the non-

catalytic transesterification of vegetable oils conveniently proceeded under both batch and
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CF modes in the presence of supercritical light alcohols (sc- methanol and
ethanol).7071.7273,7475 Reaction Kkinetics took great advantage of the supercritical state.
According to some Authors, this was possibly due to a decrease of the dielectric constant of
sc-alcohols which favored the oil-in-alcohol miscibility and the formation of a single
reacting phase.”’076 Other benefits were further emphasized by the absence of any catalysts

which allowed easy and cheap separation of products (FAME and FAEE).

In the synthesis of biodiesel, also the potential of supercritical DMC (sc-DMC: T.=284
°C; Pc=48 bar; pc=3.97 g/mL)77 was explored for batch transesterifications of rapeseed and
Jathropha o0ils.”87° These studies showed that at 350 °C and 20 MPa, yields on FAME
obtained in sc-DMC were substantially equivalent to those in sc-MeOH. However, in sc-
DMC, the nature (thermal, catalytic or both) of the reaction was unclear since the process

originated also sizable amounts of citramalic acid that was suspected to act as a catalyst.8°

4.2.2.2 The reaction of GlyF and DMC.

Notwithstanding the conceptual similarity, the thermal transformations investigated
in this work differ from those cited in the case of biodiesel productions, for the important
fact that both GlyF, solketal and carbonate products (4.1a-4.5a/4.1a’-4.5a’ and 4.1b-4.2b)
form perfectly homogeneous solutions with DAICs. Miscibility is therefore not an issue.
However, since thermal processes may have substantial activation barriers, they require
high reaction temperatures.8! The relative vapor tension of reactants becomes a crucial
factor. Consider, for example, the model case of the CF-transesterification of DMC (bp=90
°C) with GlyF (bp=192-193 °C) (Figure 4.2 and Figure 4.4). At T = 200 °C and ambient
pressure, reactants are in the vapor state even though dynamic flow conditions may allow
some mixing of gases. As the pressure is increased, the vaporization is more difficult: the
high boiling GlyF becomes mostly liquid, while the more volatile DMC initiates to partition
between the gas and the GlyF liquid phases. The contact of the reactants
starts to be effective as is highlighted by all further increments of the pressure, to the point
that intimate interactions between GlyF and DMC allow the reaction to take place. In
particular, the sigmoidal-like curves of Figure 4.2 indicate that transesterification starts
once the optimal pressure (and the density of the reacting mixture) is reached, which
corresponds to an abrupt improvement of the conversion. A hypothesis for this
behavior stands on the occurrence of near-critical or supercritical solutions able to favor

the contact of reactants and the process kinetics. Although a detailed investigation of this
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aspect has not been considered, it should be noted that: (i) in Figure 4.2, p and T (225-300
°C, 20-50 bar) are not far from the supercritical state of DMC which shows a density four
times higher than its liquid state.” The presence of GlyF in the reacting solutions may
possibly alter the supercritical parameters with respect to pure sc-DMC. However, minor
changes are expected due to the large excess (up to 20 molar equiv.) of the carbonate; (ii)
conversion profiles are consistent with the effect of the temperature and of the DMC:GlyF
molar ratio (Q). In Figure 4.2, the increase of the temperature plausibly reduces the density
of the reacting mixtures so that a higher pressure is necessary to trigger the process.
Figure 4.4, the decrease of the Q ratio originates solutions richer in the denser and less
volatile component (under ambient conditions, densities of GlyF and DMC are 1.20 and
1.07 g mL-1, respectively). This favors the contact between reagents and lowers the
pressure interval at which the onset of the reaction is achieved; (iii) in general, conversion
profiles parallel the isothermal trend of density with pressure displayed by several

mixtures and pure compounds during the transition to their supercritical states.

Whether (or not) a sc-state is reached, if the pressure is high enough to maintain the
(majority of) reacting mixture as a condensed phase, the contact of DMC and GAs is
effective for a productive reaction; while, if the pressure drops below a threshold value,
reactants (firstly DMC) rapidly vaporizes as soon as they reached the reactor. The
residence time in the reactor is therefore dramatically reduced and so is the conversion. A
different approach to consider these aspects, has been devised through a modified Wagner
equation (Ambrose 1986) which was used to predict the liquid-vapor pressure profile of
pure DMC up to its supercritical state.82 Wagner invented an elaborate statistical method to
develop an equation able to describe the vapor pressure behavior of N2 and Ar. The
modified equation represent the vapor pressure behavior of most substances over the

entire liquid range.
Ln B,,, = (at + bt*® + ct*° + d7°)/T, (Eq.1)

where Pvpr is the reduced vapor pressure, Tr is the reduced temperature, and t is 1-
Tr. The values a, b, ¢ and d for pure DMC are -8.24279, 3.25566, -4.2825 and -2.1194
respectively. Figure 4.10 reports the prediction profile.
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Figure 4.10. Liquid-vapor pressure prediction of pure DMC calculated with the Antoine equation

Notwithstanding the reactant mixture composition was obviously different from pure
DMC, the abrupt change of conversion observed at 10, 27 and 38 bar (225, 250 and 275 °C)
in the profiles of Figure 4.2 well suited the theoretical curve of Figure 4.10, thereby
indicating that thermal reactions plausibly occurs on condition that condensed (liquid)

DMC is present in the reactor.

4.2.2.3 Recycle and productivity.

The reversible nature of the transesterification offers an explanation for results of
Figure 4.3 and Figure 4.4. In the model case of the reaction of DMC with GlyF, the success of
the recycling procedure proves that the transesterification equilibrium may be shifted to
the right by increasing the residence time of the reactant mixture in the CF-reactor. This
helps to improve the conversion from 85 to 95% (Figure 4.3). On the other hand, the
excess of the dialkyl carbonate also exerts a control on the reaction equilibrium. If the Q
molar ratio (DMC:GlyF) is decreased, the reduced availability of DMC not only disfavors the
conversion, but also the reaction selectivity, and the onset of a double transesterification

process is observed (Figure 4.4).

As far as the productivity of both the reactions of DMC and DEC with GlyF, the
optimization of the reactant flow rate allows quite satisfactory results, especially if one
considers the limited capacity (1 mL) of the CF-reactor used in our study (Figure 4.5 and
Figure 4.7). An issue however, may concern the overall convenience of the procedure in
terms of energy consumption and safety. In a perspective of a larger scale application, it
should be noted that technologies for the integrated heat and energy recovery of modern

chemical plants often allow a very cheap access to high temperature (over 200 °C) and
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mid-to-low pressure (40-50 bar) conditions. Detailed analyses of these aspects are
available in the literature. Consider, for example, sc-transesterification reactions of oils.
Although conditions for such processes may be rather severe (270-400 °C and 10-65 MPa),
a recent simulation of a biodiesel production carried out for the reaction of natural
triglycerides with methanol at 400 °C and 200 bar, has proved that the total energy
consumption and the output PEI (potential environmental impact) per mass of product of a
plant capacity of 10.000 tons/year, are even lower than that of a conventional base-
catalyzed transesterification process.?3 Similar conclusions have been reported by other

comparative studies on energy requirements of sc- and catalytic-reactions.8485

4.2.2.4 Different carbonates and GAs.

[sothermal trends of conversion vs pressure show a sigmoidal shape also for the
transesterification of DEC with GlyF (Figure 4.6). However, with respect to DMC, not only
conversion profiles display smoother increases, but also the reaction is more energy
demanding. both higher temperatures and pressures are necessary (275-300 °C and 30-70
bar). Among the factors that may account for such a difference, one of the most relevant is
the intrinsic lower reactivity of DEC compared to DMC. This behavior, plausibly due to
steric reasons, has been confirmed by a number of catalytic processes which include
transesterifications and decarboxylations,>3:5455 etherifications,56:57.58 and alkylations.86.87 A
very recent study has further substantiated such trend also for thermal reactions: higher
activation energies have been measured for transesterifications of vegetable oils carried
out in supercritical DEC with respect to analogous transformations in sc-DMC.88 In analogy
to the above discussion, another contribution to results of Figure 4.6 is possibly given by
the phase change of the reactants mixture (DEC in particular). This aspect however, can be
hardly analyzed because of the lack of thermodynamic data; experiments in Fig. 4.6 take
place under conditions very close to the supercritical state of DEC (Tc = 302 °C; Pc = 3.4
MPa),88 but any information on the density of sc-DEC is unknown, nor a predicted vapour
pressure profile for DEC could not be obtained from the Wagner equation for this organic

carbonate.

The relative reactivity of the two GlyF isomers should also be considered.
Irrespective of the dialkyl carbonate (and of temperature and pressure) used, isomeric
products 4.1a and 4.1a’ and 4.2a and 4.2a’ are always obtained in the same relative ratio

(3:2) of the starting acetals. Unlike our previous findings on base-catalyzed alkylations of
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GlyF with DMC,>3 thermal (non-catalytic) conditions level off the relative
transesterification rate of 5- and 6-membered ring acetals with both DMC and DEC. This
holds true for higher carbonates. At present, no clear explanations can be offered for this

behavior.

PC is considerably less reactive than DEC. At 300 °C and 50 bar, the conversion of PC
does not exceed 53% (Scheme 4.10). Also in this case, steric reasons may be invoked to
account for the result. A support from the literature comes for example, from studies on
the synthesis of DMC via the transesterification of cyclic carbonates with methanol. These
investigations have demonstrated that slower reactions as well as poorer (even three
times lower) equilibrium yields are achieved when the bulkier PC is used instead of
EC.899091 Notwithstanding the moderate reactivity, other properties of PC (mostly the
boiling point and the viscosity) make this compound a preferred choice over other cyclic

carbonates.

The CF-transesterification of DBnC with GlyF takes place in the presence of acetone
as a solvent/carrier. Although this does not allow a direct comparison with the reactivity of
other carbonates, the study of DBnC-mediated reactions provides two pieces of evidence: i)
the nature of additional solvents may critically affect the thermal process; ii) a non-toxic,
cheap, moderately polar and aprotic solvent such as acetone is not only compatible with
the CF-setup, but remarkably, it allows quantitative transformations under less demanding
conditions with respect to DMC (Figure 4.8, right). These aspects open a window on the
potential of eco-friendly solvents for fundamental investigations and innovative

preparative protocols in the arena of transesterifications.

To sum up, one should note that further studies are necessary to optimize and
implement the CF-reactions of both PC and DBnC with GlyF, especially to improve the
conversion and the product separation. The results however, offer a convincing proof-of-
concept on the extension of thermal transesterification processes to higher homologues of

linear and alkylene carbonates.

A comment should be finally made on the comparison between the two investigated
acetals. Both the reactions of GlyF and solketal confirm the lower reactivity of DEC with
respect to DMC. However, solketal may offer better results than GlyF. This is well
exemplified by the transesterification of DMC carried out at 275 °C and 40 bar. Under these

conditions, the equilibrium conversions were 85% for GlyF and 96% for solketal (Figure
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4.2c and Figure 4.9). Such a difference can be hardly explained, though the higher density
of GlyF (1.21 g/mL) with respect to solketal (1.07 g/mL) might play a role.

4.2.3 Conclusions

This investigation proposes the first reported procedure for the CF thermal mono-
transesterification of DAICs with GlyF and solketal. The method not only offers a clean
synthetic route for the reaction, but also identifies a strategy (potentially valuable for large
scale preparations and transferable to intensified process equipment) for the selective

upgrading of GAs to the corresponding carbonates.

Besides the synthetic scope, the reaction exemplifies a genuine green archetype since
it couples innocuous reactants of renewable origin (GAs) to non-toxic compounds such as

DAICs.

The process is triggered by a combined effect of temperature and pressure. Based on
the predicted phase behavior of DMC, under isothermal conditions (250-275 °C), the
increase of the pressure in the range of 20-38 bar, probably induces a phase transition of
the carbonate from gaseous to liquid favoring the contact/mixing of the reactants at the
point that the conversion of acetals can be improved up to 95%. On the other hand, the
product distribution is tuned by the reactant molar ratio. A 10-molar excess of the dialkyl
carbonate conveniently shifts to the right the equilibrium to reach a mono-

transesterification selectivity as high as 98%.

Both the recycling operations and the productivity take advantage of CF-conditions.
The first (recycle) can be simply implemented through the reuse of mixtures collected from
the CF-reactor, without additional purification steps; the second (productivity) can be
optimized up to ~70 mg/min according to the design and the capacity of the CF-apparatus.
Moreover, the absence of any catalysts allows to run reactions virtually indefinitely with

easy and cheap separation of products.

Two further aspects should be commented: i) the investigation carried out so far
discloses the potential of a catalyst-free CF-method for the transesterification of a family of
linear and alkylene DAICs with GAs. Though, a case-by-case optimization is necessary and
future studies will be required for a practical implementation of the reactions of heavier
carbonates (propylene- and dibenzyl-carbonate) by the use of additional solvents; ii) one

could be concerned about the energy consumption due to the demanding conditions for
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non-catalytic transesterification processes. This problem may be considerably mitigated by
modern technologies for heat and energy recovery. Recent examples of such engineering
solutions (rather beyond the scope of this Thesis) have been reported for the case of
supercritical transesterification of oils. These prove that sc-processes may be even

economically advantageous over conventional base-catalyzed transesterification methods
4.2.4 Experimental

4.2.4.1 Materials

Glycerol formal (GlyF), solketal, acetone, 1,2-dimethoxyethane (DME), n-tetradecane,
dimethyl carbonate (DMC), diethyl carbonate (DEC), propylene carbonate (PC), benzyl
alcohol, ethyl acetate (EA), ethyl ether (Et20), petroleum ether (PE) and dichloromethane
(CHCI2) were ACS grade. They were all from Aldrich and were used as received. Dibenzyl
carbonate (DBnC) was prepared via the transesterification of benzyl alcohol with DMC by

using a method recently reported by us.>8

4.2.4.2 Analysis instruments

GC/MS (EI, 70 eV) analyses were run using a HP5-MS capillary column (L=30 m,
?#=0.32 mm, film=0.25 um). The following conditions were used. Carrier gas: He; flow rate:
1.2 mL/min; split ratio: 1:10; initial T= 50 °C (3 min), ramp rate: 7 °C/min; final T: 250 °C
(5 min).

NMR analyses were recorded at a 400 MHz Varian unit. Chemical shift were reported

in 6 values downfield from TMS; CDCl3 was used as the solvent.

4.2.4.3 CF apparatus

The apparatus used for the investigation was assembled in-house according to the
chart of Figure 4.11. A Shimazdu LC-10AS HPLC pump were used to deliver liquid reactants
to a stainless steel empty spiral-shaped reactor (1/16" Inner diameter, L=1.6 m, 1.0 mL
inner volume). The reactor was placed in a GC oven, equipped with additional
thermocouples for temperature control, by which the desired reaction temperature was
reached. The outlet of the reactor was connected to a back pressure regulator (JASCO BP-

2080) to set and control the operating pressure throughout the process.
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Figure 4.11. Schematic diagram for the in-house built continuous-flow apparatus

4.2.4.4 CF catalyst-free transesterification of DAICs with GAs

General procedure. In a typical CF non-catalytic transesterification reaction, the
following operations were performed. At ambient temperature and pressure, a preliminary
conditioning of the apparatus was carried out by delivering 5 mL of the mixture of
reactants (molar ratio dialkyl carbonate:glycerol acetal was set to 20, 10, and 5) to the CF-
reactor. Afterwards, the BPR was set to the operating pressure (10-100 bar) and the flow
rate of the mixture was adjusted to the desired value (0.05-1.00 mL/min). The reactor was
then heated at a temperature comprised between 225 and 300 °C. At any given
temperature and pressure, the reaction mixture was collected out of the BPR at time
intervals of approximately 90 min. Samples were analyzed by GC/MS. Once the experiment
was complete, the oven was set to 100 °C and the pumping of reagents was stopped. The
overall apparatus was then cleaned by a flow of acetone (50 mL at 0.5 m/mL). The reactor

was allowed to cool at rt and the pressure was gradually decreased to the ambient value.
Reaction of GlyF with DMC.

Three solutions of the reactants (51 mL each) were prepared by adjusting the
DMC:GlyF molar ratio at 20, 10, and 5. They were obtained by dissolving the same amount
of GlyF (3 g, 28.8 mmol) in 48.6, 24.3, and 12.1 mL of DMC. The corresponding molar
concentrations were 0.56, 1.08, and 1.97M.

Effect of the pressure and the temperature (Figure 4.2). According to the above
described general procedure, a 0.56 M solution of GlyF in DMC (51 mL; DMC:GlyF molar
ratio=20) was sent to the CF reactor at a constant volumetric flow rate of 0.05 mL/min.

Four isothermal tests were performed by heating the reactor at 225, 250, 275, and 300 °C.
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In each test, the pressure was stepwise increased from ambient up to 100 bar. Typical
increments were of 5-10 bar. At any given pressure, the reaction was allowed to proceed
for 90 min to achieve steady conditions. Then, samples of the mixture were collected at the

reactor outlet and analyzed by GC/MS.

Recycling tests (Figure 4.3). According to the above described general procedure, two
sets (A and B) of experiments were carried out. In the set A (Figure 4.3, left), a 0.56 M
solution of GlyF in DMC (molar ratio DMC:GlyF=20) was delivered to the CF-reactor at a
flow rate of 0.05 mL/min. Temperature and pressure were kept constant at 275 °C and 60
bar, respectively. The reaction was allowed to proceed for 18 hours. The mixture collected
at the reactor outlet (54 mL) was then analyzed by GC/MS and subjected to a partial
distillation at ambient pressure. A total of 5 mL were distilled: they were composed of a
MeOH/DMC azeotrope (2.5 mL, 70:30 v/v, bp=62-65 °C) and pure DMC (2.5 mL, bp= 90
°C). The residual solution (49 mL) was added with fresh DMC (5 mL) to restore the initial
volume. This mixture was recycled. Under the above described conditions (0.05 mL/min,
275 °C and 60 bar), the mixture was allowed to flow once again through the reactor for 18
hours. Samples were collected at the reactor outlet every 90 min and analyzed by GC/MS.
In the set B (Figure 4.3, right), two subsequent reactions were performed using the same
procedure of set A except for the fact that no fresh DMC was added after the distillation

carried out between the first and the second reaction.

A third recycling test was also run using a 1.08 M solution of GlyF in DMC (molar ratio
DMC:GlyF=10). This mixture was set to react at 250 °C and 30 bar for 18 hours. Then, the
solution recovered at the reactor outlet (54 mL) was topped by distillation and recycled

using the same procedure described for the above described set A.

Effect of DMC:(1a-1a') molar ratio (Figure 4.4). The available solutions of reactants
(51 mL each) of GlyF in DMC (0.56 M, 1.08 M, and 1.97 M, respectively; see above) were
used in three separate tests. According to the above described general procedure, each
mixture was set to react at a constant temperature of 250 °C. The flow rate was 0.05
mL/min. The operating pressure was gradually increased from ambient up to 100 bar, with
typical increments of 5-10 bar. At any given pressure, the reaction was allowed to proceed
for 90 min to ensure steady conditions. Then, samples of the mixture were collected at the

reactor outlet and analyzed by GC/MS.
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Effect of the flow rate and estimation of productivity (Figure 4.5). According to the
above described general procedure, a 1.08 M solution of GlyF in DMC (molar ratio
DMC:GlyF=10) was set to react at 250 °C and 30 bar. The initial flow rate (0.05 mL/min)
was stepwise increased up to 0.6 mL/min. Typical increments were of 0.1 mL/min. At any
given flow rate, the same volume (10 mL) of the reactants’ mixture was delivered to the CF
reactor in order to achieve steady conditions with an homogeneous composition of the
stream recovered out of the BPR. Samples collected at the end of each test were analyzed
by GC/MS. Data of conversion and selectivity were used to evaluate the reaction

productivity.
Reaction of GlyF with different carbonates.

In the case of DEC and PC, solutions of the reactants (51 mL each) were prepared to
achieve a molar ratio dialkyl carbonate:GlyF=10. They were obtained by dissolving 4.1 g of
GlyF (39.4 mmol) in 47.7 mL of DEC and 5.7 g of GlyF (54.6 mmol) in 46.3 mL of PC. The

corresponding molar concentrations were 0.77 (DEC) and 1.07 (PC).

DEC (Figure 4.6 and Figure 4.7). According to the above described general procedure,
a 0.77 M solution of GlyF in DEC was sent to the CF-reactor at a constant volumetric flow
rate of 0.05 mL/min. Three isothermal tests were performed by heating the reactor at 250,
275, and 300 °C. In each test, the pressure was stepwise increased from ambient up to 100
bar. Typical increments were of 5-10 bar. At any given pressure, the reaction was allowed
to proceed for 90 min to ensure steady conditions. Then, samples of the mixture were

collected at the reactor outlet and analyzed by GC/MS.

Another experiment based on the transesterification of DEC with GlyF was carried
out to investigate the effect of the flow rate and evaluate the reaction productivity (Figure
4.7). The test was performed in analogy to that described for DMC (Figure 4.5). A 0.77 M
solution of GlyF in DEC was set to react at 300 °C and 50 bar. The initial flow rate (0.05
mL/min) was stepwise increased up to 1 mL/min. Typical increments were of 0.1 mL/min.
At any given flow rate, the same volume (10 mL) of the reactants’ mixture was delivered to
the CF-reactor in order to achieve steady conditions with an homogeneous composition of
the stream recovered out of the BPR. Samples collected at the end of each test were
analyzed by GC/MS. Data of conversion and selectivity were used to evaluate the reaction

productivity.
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PC. CF-transesterifications of PC with GlyF were carried out through the same
procedure described for DEC. A 1.07 M solution of GlyF in PC was used. The conversion of
GlyF was evaluated by a calibration method using n-tetradecane (Ci4) as an external

standard (further details are described in Appendix A).

DBnC (Figure 4.8). CF-transesterifications of DBnC (low melting point solid, mp: 34
°C), with GlyF were investigated in the presence of DME and acetone as solvents/carriers.
Two mixtures of GlyF, DBnC and the solvent in a 1:5:12 molar ratio, respectively, were
prepared. They were obtained by dissolving GlyF (0.69 g, 6.61 mmol) and DBnC (8 g, 33.0
mmol) in DME (8.2 mL) or acetone (5.8 mL). According to the above described general
procedure, both the solutions were set to react at 225 and 250 °C, under a constant
pressure of 50 bar. The flow rate was 0.05 mL/min. Each reaction was allowed to proceed
for 90 min. Then, samples of the mixture were collected at the reactor outlet and analyzed

by GC/MS.
Reaction of solketal with different carbonates.

Two solutions of the reactants (51 mL each) were prepared to achieve a molar ratio
dialkyl carbonate:solketal=20. They were obtained by dissolving 3.72 g of solketal (28.15
mmol) in 47.4 mL of DMC and 2.64 g of solketal (19.98 mmol) in 48.4 mL of DEC,
respectively. The corresponding molar concentrations were 0.55 (DMC) and 0.39 (DEC).

DMC (Figure 4.9). The study on the effect of the pressure and temperature on the
thermal transesterification of DMC with solketal was carried out in analogy to that
described for the same reaction of GlyF (Figure 4.2). According to the above described
general procedure, a 0.55 M solution of solketal in DMC was set to react at 250 and 275 °C.
The volumetric flow rate was 0.05 mL/min. In each test, the pressure was stepwise
increased from ambient up to 100 bar, with increments of 5-10 bar. At any given pressure,
the reaction was allowed to proceed for 90 min to achieve steady conditions. Then,

samples of the mixture were collected at the reactor outlet and analyzed by GC/MS.

DEC. The transesterification of DEC with solketal was performed by a procedure
similar to that used for DMC (Figure 4.9). A 0.39 M solution of solketal in DEC was set to
react at 275 °C. The flow rate was 0.05 mL/min. Two reactions were allowed to proceed for
90 min under a pressure of 30 and 50 bar. Then, mixtures collected at the reactor outlet

were analyzed by GC/MS.
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4.2.4.5 Isolation and characterization of products

1,3-Dioxan-5-yl methyl carbonate (4.1a) and (1,3-dioxolan-4-yl)methyl methyl
carbonate (4.1a"). A CF-reaction was carried out under the conditions of Figure 4.2b (0.56
M solution of GlyF in DMC; 250 °C, 40 bar, 18 hours; F=0.05 mL/min). The mixture (54 mL)
collected at the reactor outlet was topped at atmospheric pressure to remove the co-
product methanol (as a 70:30 MeOH:DMC azeotrope, bp=62-65 °C). The residual solution
(49 mL) was subjected to a second CF-transesterification at 250 °C and 40 bar. A GlyF
conversion of 94% was achieved. The final reaction mixture was concentrated by rotary
evaporation (50 °C, 40 mbar) and distilled (94 °C, 40 mbar). Title products were obtained
as a liquid colorless mixture of isomers in a 92% yield (4.5 g, purity 96% by GC/MS). They
were characterized by TH NMR, 13C NMR and GC/MS (see Appendix A). The ratio 4.1a:4.1a’

was approximately the same of the starting isomers of GlyF.

H NMR (CDCl3, 400 MHz) 6 (ppm): 5.04 (s, 1H), 4.89 (m, 2H), 4.81 (d, / = 6.2 Hz, 1H),
4.59 (m, 1H), 4.30 (qnt, 1H), 4.25 - 4.13 (m, 2H), 4.07 - 3.92 (m, 5H), 3.80 (s, 3H), 3.79 (s,
3H), 3.73 (dd, J = 8.5, 5.4 Hz, 1H). 13C NMR (CDCls, 100 MHz) 6 (ppm): 155.5, 155.1, 95.4,
93.5, 72.8, 68.8, 68.1, 67.2, 66.6, 54.9. Signals in the 13C spectrum of 4.1a/4.1a’ were all
singlets. GC/MS (relative intensity, 70eV) m/z: 4.1a 162 (M*, <1%), 161 ([M-H]*, 6), 132
(10), 102 (100), 86 (63), 59 (38), 58 (60), 57 (30), 55 (15), 45 (44), 44 (12), 43 (42); 4.1’
162 (M+, <1%), 161 ([M-H]* 8), 103 (32), 86 (61), 77 (25), 73 (100), 59 (38), 58 (23), 57
(40), 45 (92), 44 (35), 43 (23).

(2,2-Dimethyl-1,3-dioxolan-4-yl)methyl methyl carbonate (4.1b). A CF-reaction
was carried out under the conditions of Figure 4.9 (0.55 M solution of solketal in DMC; 275
°C, 40 bar, 18 hours; F=0.05 mL/min). The final conversion was 95%. The mixture
collected at the reactor outlet (54 mL) was concentrated by rotary evaporation (50 °C, 40
mbar) and distilled (99 °C, 40 mbar). Title product was obtained as a colorless liquid in a
93% yield (5.3 g, purity 95% by GC/MS). Compound 4.1b was characterized by 'H NMR,
13C NMR and GC/MS (see Appendix A).

1H NMR (CDCls, 400MHz) & (ppm): 4.38 - 4.29 (m, 1H), 4.19 - 4.15 (m, 2H), 4.08 (dd, J
= 8.6, 6.4 Hz, 1H), 3.81 - 3.75 (m, 4H), 1.43 (s, 3H), 1.36 (s, 3H). 13C NMR (CDCls, 100MHz) 6
(ppm): 155.5, 109.8, 73.2, 67.9, 66.2, 54.9, 26.6, 25.2. Signals in the 13C spectrum of 4.1b
were all singlets. GC/MS (relative intensity, 70eV) m/z: 190 (M*, <1%), 175 (50), 101 (17),
73 (10),72 (11),71(19),59 (31), 57 (14), 43 (100), 42 (12), 41 (19).
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1,3-Dioxan-5-yl ethyl carbonate (4.2a) and (1,3-dioxolan-4-yl)methyl ethyl
carbonate (4.2a'). A CF-reaction was carried out under the conditions of Figure 4.6 (0.77
M solution of GlyF in DEC; 300 °C, 50 bar, 18 hours; F = 0.05 mL/min). The final conversion
was 81%. The mixture collected at the reactor outlet (54 mL) was concentrated by rotary
evaporation (65 °C, 40 mbar) and distilled (116 °C, 40 mbar). Due to the close boiling
points of the unconverted GlyF (~20%) and the products, the distillation was tricky. Title
products were obtained as a liquid colorless mixture of isomers in a 73 % yield (5.27 g,
purity 98% by GC/MS). They were characterized by 1H NMR, 13C NMR and GC/MS (see
Appendix A). The ratio 4.2a/4.2a' was approximately the same of the starting isomers of
GlyF.

1H NMR (CDCls, 400MHz) & (ppm): 5.0 (s, 1H), 4.9 - 4.9 (m, 2H), 4.8 (d, ] = 6.2 Hz, 1H),
4.6 (m, 1H), 4.3 (qnt, 1H), 4.3 - 4.1 (m, 6H), 4.1 - 3.9 (m, 5H), 3.7 (dd, ] = 8.5, 5.4 Hz, 1H),
1.3 (dt, ] = 7.1, 3.3 Hz, 6H). 13C NMR (CDCl3, 100MHz) 6 (ppm): 154.7, 154.3, 95.2, 93.3,
72.7, 68.4, 68.0, 66.8, 66.4, 64.1, 14.0, 13.9. Signals in the 13C spectrum of 4.2a/4.2a' were
all singlets. GC/MS (relative intensity, 70eV) m/z: 4.2a 176 (M*,<1%), 175 ([M-H]*, 1), 116
(14), 86 (34), 57 (28), 55 (12), 45 (32), 44 (100), 43 (31); 4.2a’ 176 (M*, <1%), 175 ([M-
H]+, 2),91 (10), 89 (11), 86 (38), 73 (57), 58 (21), 57 (42), 45 (100), 44 (42), 43 (29).

(2,2-Dimethyl-1,3-dioxolan-4-yl)methyl ethyl carbonate (4.2b). A 0.39 M
solution of solketal in DEC was set to react in the CF-mode at 275°C and 50 bar, for 18
hours (F = 0.05 mL/min). The final conversion was 72%. The mixture collected at the
reactor outlet (54 mL) was concentrated by rotary evaporation (65 °C, 40 mbar) and
distilled (102 °C, 40 mbar). The title product was obtained as a liquid colorless in a 76%
yield (3.28 g, purity 98% by GC/MS). Compound 4.2b was characterized by 1H NMR, 13C
NMR and GC/MS (see Appendix A).

1H NMR (CDCl3, 400MHz) 6 (ppm): 4.33 (m, 1H), 4.24 - 4.13 (m, 4H), 4.08 (dd, / = 8.5,
6.4 Hz, 1H), 3.78 (dd, J = 8.5, 5.8 Hz, 1H), 1.42 (s, 3H), 1.35 (s, 3H), 1.30 (t, / = 7.1 Hz, 3H).
13C NMR (CDCI3, 100MHz) & (ppm): 154.7, 109.6, 73.1, 67.5, 66.0, 64.0, 26.4, 25.1, 14.0.
Signals in the 13C spectrum of 4.2b were all singlets. GC/MS (relative intensity, 70eV) m/z:
204 (M*,<1%), 189 (39), 161 (31), 101 (27), 72 (12), 61 (10), 59 (18), 57 (25), 43 (100), 42
(10).

Benzyl 1,3-dioxan-5-yl carbonate (4.5a) (1,3-dioxolan-4-yl)methyl benzyl

carbonate (4.5a'). A mixture of GlyF:DBnC:acetone in a 1:5:12 molar ratio, respectively,
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was allowed to react for 4 hours at 250 °C and 50 bar (F=0.05 mL/min). The final
conversion of GlyF was 94%. The reaction mixture was concentrated by rotary evaporation
(50 °C, 40 mbar), but the title product could not be isolated by further distillation under
vacuum. The oily residue (2 g, after rotary evaporation) was subjected to flash column
chromatography (FCC) over silica gel, by using a petroleum ether (PE)/diethyl ether (Et20)
1:1 v/v solution (column L=8 cm, @#=2.5 cm) as the eluent. Under such conditions, isomers
4.5a and 4.5a’ were both isolated in a pure form (98% by GC/MS): the first product (4.5a)
was a colorless liquid, while the second compound (4.5a’) slowly crystallized on standing.
They were characterized by GC/MS, 1TH NMR and 13C NMR (2D-NMR spectra were also

available for compound 4.5a’; see Appendix A).

1H NMR (CDCls, 400MHz) 6 (ppm): 4.5a 7.5 - 7.3 (m, 5H), 5.2 (s, 1H), 4.9 (d, ] = 6.2
Hz, 1H), 4.8 (d, ] = 6.3 Hz, 1H), 4.7 - 4.6 (m, 1H), 4.0 (dd, J = 12.1, 2.8 Hz, 1H), 4.0 (dd, ] =
12.1, 4.3 Hz, 1H); 4.5a’ 7.5 - 7.3 (m, 5H), 5.2 (s, 2H), 5.0 (s, 1H), 4.9 (s, 1H), 4.3 (m, 1H), 4.3
- 4.2 (m, 2H), 4.0 (dd, J = 8.5, 6.7 Hz, 1H), 3.7 (dd, J = 8.5, 5.4 Hz, 1H). 13C NMR (CDCls,
100MHz) 6 (ppm): 4.5a 154.3, 140.8, 134.7, 128.4, 128.2, 93.4, 69.8, 68.8, 68.0; 4.5a’ 155.0,
135.1, 128.7,128.7, 128.5, 95.6, 73.0, 70.0, 67.4, 66.8. Signals in the 13C spectrum of 4.5a
and 4.5a’ were all singlets. GC/MS (relative intensity, 70eV) m/z: 4.5a 238 (M*, 1%), 107
(15),92(10),91(100), 77 (10), 65 (17), 57(10); 4.5a’ 238 (M*, <1%), 147(17), 107(17), 92
(18),91(100), 79 (10), 77 (15),73 (11), 65 (19), 57 (15), 45 (24).

1,3-dioxan-5-yl (1-hydroxypropan-2-yl) carbonate (4.3a), (1,3-dioxolan-4-
yl)methyl (1-hydroxypropan-2-yl) carbonate (4.3a’), 1,3-dioxan-5-yl (2-
hydroxypropyl) carbonate (4.4a) and (1,3-dioxolan-4-yl)methyl (2-hydroxypropyl)
carbonate (4.4a’). A 1.07 M solution of GlyF in propylene carbonate was set to react for 4
hours at 300 °C and 50 bar (F=0.05 mL/min). The final conversion of GlyF was 48%. The
reaction mixture was concentrated by rotary evaporation (50 °C, 40 mbar), but the title
product could not be isolated by further distillation under vacuum. Also, any attempt to
purify and separate compounds 4.3-4.4 by FCC was not successful. The oily residue was
analyzed by GC/MS. Structure of products 4.3-4.4 were assigned by comparison of their
MS spectra to those of starting acetals (GlyF) (see Appendix A).

GC/MS (relative intensity, 70eV) m/z: 4.3a 206 (M+, <1%), 131 (45), 102 (18), 87
(41), 85 (44), 71 (11), 59 (84), 58 (38), 57 (65), 55 (11), 45 (100), 44 (68), 43 (56), 42 (11),
41 (38),39(17); 4.3a’ 206 (M+, <1%), 131 (46), 87 (52), 85 (69), 73 (19), 71 (12), 59 (87),
58 (18), 57 (100), 45 (86), 44 (31),43 (56), 42 (12), 41 (38), 39 (22); 4.4a 206 (M+, <1%),
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131 (27), 87 (50), 85 (39), 73 (12), 59 (71), 58 (70), 57 (77), 45 (100), 44 (30), 43 (54), 42
(13), 41 (29), 39 (18); 4.4a’ 206 (M+, <1%), 117 (12), 88 (15), 87 (24), 75 (13), 73 (27), 72
(10), 71 (10), 59 (59), 58 (19), 57 (45), 45 (100), 44 (25), 43 39), 42 (10), 41 (21), 39 (12).
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4.3 Catalyst-free transesterification of DMC with 1,n diols and glycerol

The above described results of the CF-transesterification of DAICs with GAs have
stimulated a further investigation on the potential of such thermal (catalyst-free) protocol
for the upgrading of several model 1,n-diols including ethylene glycol (EG, 4.7), 1,2-
propanediol (PG, 4.6), 1,3-propanediol (1,3-PD, 4.8), 1,3-butanediol (1,3-BD, 4.9), and 1,4-
butanediol (1,4-BD, 4.10)], and even most remarkably, of glycerol (4.11) (Figure 4.12).

H H
|-|0J\/O HO HO” ~"OH

PG EG 1,3-PD
(4.6) (4.7 (4.8)
J\/\ I
OH
HO OH HO " "'0\)\/0"'
1,3-BD 1,4-BD Glycerol
(4.9) (4.10) (4.11)

Figure 4.12. 1,n-diols and glycerol used for the thermal transesterification of DMC

To the best of our knowledge, no previous studies have been ever reported on this
subject. Before investigating the process under CF-conditions, some explorative tests were
carried out also under batch conditions in a steel autoclave. The screening of these
reactions not only proved the feasibility of the process, but it demonstrated that: i)
regardless of batch or CF-conditions, 1,2-diols were converted into the corresponding five-
membered ring carbonates [ethylene carbonate (EC) and propylene carbonate (PC)] with a
very high selectivity (up to 95%); ii) glycerol yielded glycerol carbonate (GlyC) in the CF-
mode (250 °C and 50 bar), while either GlyC or its transesterification derivative [methyl
(2-oxo-1,3-dioxolan-4-yl) methyl carbonate] could be selectively obtained under batch
conditions (88% and 82%, respectively at 180 °C); iii) due to the moderate stability of six-
membered ring carbonates, 1,3- and 1,4-BD always formed mixtures of the corresponding

cyclic and linear (mono- and di-) transesterification derivatives.

The results of this study have been the object of a publication on the ACS journal ACS
Sustainable Chemistry and Engineering which, for the part developed within this Thesis

work, is described in the following paragraphs.®2
4.3.1 Results and Discussion

Reactions were carried out under both batch and CF-conditions. Due to the relatively

high temperatures used (120-220 °C), batch reactions were carried out in a stainless-steel
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90-mL autoclave, while CF-experiments were performed by using an apparatus similar to
that described for the catalyst-free transesterification of DAICs with GAs, with a CF-reactor
in the form of 1/16” steel tube of a capacity of 1.7 mL. Further details are in the

experimental section.

4.3.1.1 Batch reactions of 1,2-diols with DMC

An initial investigation was carried out on the reaction of DMC with both EG (4.6) and

PG (4.7).

Mixtures of DMC and the chosen diol were prepared in different molar ratios
(Q=DMC:diol) Q = 2.5, 5, 10, and 20, and they were set to react for 5 h, in an autoclave, at
120, 150, 180, and 220 °C. All tests were repeated at least twice to check for
reproducibility.?3 The screening definitely proved the feasibility of the thermal reaction:
under the best found conditions (150 °C and Q=5), the diol conversion and selectivity
towards the corresponding cyclic carbonate (4.6a and 4.7a) were ~100% and 87-95%,
respectively (Scheme 4.13). Particularly, the highest selectivity (95%) was achieved for PC.
Minor by-products were mono- and di-transesterified derivatives 4.6b and 4.7b, 4.6b’, and
4.6¢ and 4.7c.>7 The structure of all products was assigned by GC/MS analyses and by

comparison to commercial samples.

o o
- \oJLo oJLo/
. R)—’ 4.6¢
-Me
o o o o 1 4.7c
p bic HO oJLo/ + \oJ\o OH
R -MeOH )_I (o]

R R o)l\o
4.6:R=CH, 4.6b 4.6b' — —/
4.7:R=H 4_7b -MeOH R 4.63

4.7a

Scheme 4.13. Products observed in the batch catalyst-free reaction of 1,2-diols with DMC

The results are reported in Figure 4.13a) and b) which show the profiles of
conversion and selectivity for cyclic carbonates (4.6a and 4.7a) as a function of the Q

(DMC:diol) molar ratio, for reactions carried out at 150 °C.

The transesterification of DMC with PG showed that at Q=2.5, the conversion and the
selectivity did not exceed 78% and 67%, respectively (Figure 4.13a): the formation of

sizeable amounts (33%) of unidentified by-products was noticed. The increase of the Q
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ratio to 5 brought about a remarkable improvement of the reaction outcome: not only the
process became quantitative, but propylene carbonate was the almost exclusive product.
Then, neither the use of a higher DMC excess (Q>5) nor the increase of the temperature

above 150 °C produced appreciable variations of the conversion or the products

distribution.
[ Conversion 0 |:|C0nve.rs.ion
a) [ selectivity 04 b) Il selectivity
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Figure 4.13. a) and b) Reaction of PG and EG with DMC, respectively. The conversion of diols and the
selectivity toward alkylene carbonates 4.6a and 4.7a are shown as a function of Q (DMC:diol) molar ratio.

Other conditions: 150 °C, 5 h.

To rule out any metal catalysis by the reactor and therefore to prove the authentic
catalyst-free nature of the process, a test was run at 150 °C by loading the reactants
mixture (DMC and PG in a Q ratio of 5) in a glass reactor placed inside the autoclave. The

result was identical to that described in Figure 4.13a (Conversion: 100%; 4.6a>95%).

EG proved remarkably less reactive than PG. This was manifest when a Q ratio as low
as 2.5 was used. The conversion of PC and EC were 78% and 2%, respectively [cfr. Figure
4.13 a) and b)]. However, also for EG, a more than satisfactory result was achieved by using
a moderate DMC excess (Q=5), which allowed to reach a complete conversion and a

selectivity towards EC (4.7a), though not as good as that for 4.6a, of 87%.
Of note, no reaction took place at 120 °C with both PG and EG.

The results of batch thermal tests were then compared to those obtained in a
previous study of our group, on the organocatalytic transesterification of DMC with PG and
EG.57 This analysis indicated that, although the catalytic method was less energy intensive
(reactions took place at T290 °C) than the thermal one, the two procedures offered

comparable selectivities at complete conversion, and proved the same reactivity trend for
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the investigated 1,2-diols, in particular the easier formation of PC (4.6a) with respect to EC
(4.7a). In this respect, different Authors have proposed that the presence of alkyl
substituents in the carbon chain of the diol may facilitate intramolecular transesterification
reactions with the formation of small carbonate rings.?4#%> These observations are often
described within the many variations proposed for the so called “gem-disubstituent effect”:
the concept - originally formulated by Thorpe and Ingold®® - has been reviewed in 2005 by
Jung and Piizzi,%7 that offered an analysis of fascinating early and recent theories based on

the mutual repulsion of substituents (valency deviation), and the effect of reactive

rotamers.

4.3.1.2 CF-reactions of 1,2- and 1,n-diols with DMC

The thermal transesterification of DMC with PG was explored as a model reaction in
the CF-mode. For initial tests, a solution of DMC and PG in a 5:1 molar ratio was used. Four
isobaric experiments were run at 50 bar, while the temperature was progressively
increased from 150 to 180, 220, and 240 °C. Then, five isothermal reactions were carried
out at 240 °C, by decreasing the pressure from 40 to 20, 15, 10, 5 bar, and finally, to
ambient. In all case, the reactant solution was delivered at 0.1 mL/min. Figure 4.14 reports
the reaction conversion as a function of both the pressure and the temperature. In all cases,

the selectivity (not reported in Figure 4.14) towards propylene carbonate (4.6a) was
always >94%.

in all cases the selectivity

toward 4.6a was >94%
100 I |
< [

Figure 4.14. CF-reaction of PG with DMC. Conversion of PG in function of temperature and Pressure. Other

Conuersion GC%h

conditions: DMC:PG molar ratio, Q=5; flow rate: 0.1 mL/min. In repeated tests, values of conversion differed

by less than 5% from one reaction to another
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At 50 bar, the reaction was triggered at 220 °C and went to completion at 240 °C
(Figure 4.14: left to right), i.e. at a quite higher temperature than that required for batch
experiments (150 °C). However, given the reactor volume (1.7 mL) and the operating flow
rate were (0.1 mL/min), the corresponding residence time (t) was of only ~15 min
(compared to 5 hours of batch reactions). An energy input was therefore necessary to
impart sufficiently fast kinetics to the CF-reaction. Different Authors have reported that OH
groups of both alcohols and phenols could deprotonate through autoprotolysis at high

temperatures (250-380 °C) in the absence of any catalyst (Scheme 4.14).98:99,100,101

+
2 ROH ROH, + RO

(ROH),

Scheme 4.14. Autoprotolysis of an alcohol occurring at high temperatures

If so, in the reaction of Figure 4.14, the alcohol might play a double role as a reactant

and an acid catalyst for the process.

Even more interesting was the trend of conversion in function of the pressure. At 240
°C, no reaction occurred below 15 bar, while a sharp increase of the substrate conversion
(from 1-2 to ~85%) was noted for small increments of the pressure in the range of 15-20
bar. At higher pressures, only an additional 10% improvement of the conversion (up to

95%) was observed.

This peculiar behavior matched our previous results on thermal reactions of GAs,
thereby confirming the key role played on these transformations by phase transitions. If
the pressure was high enough to maintain the (majority of) reacting mixture as a
condensed phase, the contact of DMC and PG was effective for a productive reaction.
However, if the pressure dropped below a threshold value, reactants rapidly vaporized as
soon as they reached the reactor. Notwithstanding that the reactant mixture composition
was obviously different from pure DMC (5:1 compared to 20:1 of Figure 4.2), the abrupt
change of conversion observed at 15-20 bar well suited the theoretical profile of Figure

4.10.

Overall, if compared to the limited capacity (~1.7 mL) of used CF-reactor, CF-
experiments allowed a satisfactory productivity up to 22 mg/min of 4.6a. Once the thermal
regime was reached, the CF-system could operate virtually indefinitely under the desired
autogenous pressure; the latter had to be monitored and controlled, but no highly

expensive compression/decompression cycles were involved. The high reaction
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temperature apparently implied an energetic issue which however, could be efficiently
mitigated by integrating the thermal reaction in a waste heat recovery system. Particularly,
modern biorefinery units are developing elegant sustainable designs for heat recovery or
exchange within heat sinks and the usage of excess heat as part of the cogeneration

plants.102

The CF-reactions of DMC with EG (4.7), 1,3-propandiol (4.8), 1,3-butanediol (4.9)
and 1,4-butanediol (4.10) were then explored Case by case, the reactants mixture was
prepared by using the minimum amount of DMC able to ensure the formation of a
homogeneous solution. All experiments were carried out at 50 bar. Although reactions
were far from being optimized, Scheme 4.15 (and Scheme 4.13) shows the structure of the
observed products, while Table 4.2 summarizes the best preliminary results achieved in

terms of conversion and selectivity towards each of the obtained derivative.
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Scheme 4.15. Products observed in the catalyst-free CF-reaction of 1,2- and 1,n-diols with DMC

Table 4.2. The reaction of DMC with diols 4.7, 4.8, 4.9 and 4.10
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DMC:diol Reaction products
Entry Diol T (°C) Conversion® (%)
Molar ratio= Selectivity* (%)
1 4.7 14 240 99.5 4.7a (82) 4.7b (7) 4.7¢ (11)
2 4.8 19 260 75.0 4.8a (14) 4.8b (53) 4.8¢ (22)
3 4.9 6 240 94.0 4.9a(17) 4.9b+4.9b’ (39) 4.9¢ (32)
4 4.10 19 280 99.5 4.10b (18) 4.10c (82)

a The DMC:diol molar ratio was adjusted case-by-case to obtain a homogeneous mixture.

b Reaction conversion was determined by GC.

¢ Selectivity towards each product was determined by GC. The structure of products 4.7a, 4.8c, 4.9¢, and 4.10c

was assigned by comparison with previously prepared authentic compounds;5’ products 4.9a, 4.8b, and

(4.9b+4.9b") were isolated and their structure was assigned by NMR and MS characterization (see experimental);

the structure of products 4.8a, 4.7b, 4.7c and 4.10b was assigned from their GC/MS spectra. The reaction of diols

4.8 and 4.9 also produced unidentified by products (8% and 12% of total products, respectively).
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As did PG, also EG yielded the corresponding cyclic carbonate with a high selectivity
(4.7a:82%, entry 1); while, both 1,3- and 1,4-diols favored the formation of linear products
derived from mono- or di- transesterification reactions (4.8b, 4.9b+4b.9’, 4.10b and 4.8c-
4.10c, respectively; entries 2-4). The situation was particularly evident for 1,4-butanediol
(4.10c:82%). This reflected the general trend that favors 5-exo-dig over 6-exo-dig ring
closure (Cs- and Ce-, respectively):193 specifically, for OCs, the greater thermodynamic
stability of Cs- with respect to Ce-cyclic derivatives was reported in many cases.104105 An
analogue behavior was observed for the catalytic transesterification of DMC with 1,n-diols,
where for n>3, di-carbonate derivatives were by far the preferred products.>” However,
thermal CF-reactions of Table 4.2 allowed to isolate and characterize mono-
transesterification compounds [4.8b and isomers (4.9b+4.9b’)] as well as the less

common Ce-carbonate 4.9a.106

4.3.1.3 The thermal (cat.-free) reaction of glycerol with DMC

Foreword: batch conditions. The batch thermal reaction of glycerol and DMC was
investigated as a part of master Thesis program carried out in our research group.197 Some
of the major results are briefly summarized in the introductory section (foreword) of the
present paragraph. These results help to describe the subsequent phase of the

investigation related to the study of the same reaction under CF-conditions.

At T2180 °C, not only the batch reaction of DMC with glycerol (4.11) took place in the
absence of any catalyst, but the products distribution could be tuned by controlling both
the time and the reactants molar ratio (Q=DMC:glycerol). At the best found conditions, two

major products could be selectively achieved:

i) if the reaction was run for 1 hour at a Q ratio of 20, glycerol was almost quantitatively
converted (94%), and glycerol carbonate (4.11a) was observed with a selectivity as high
as 86%. The thermal reaction proceeded at a rate of ~0.53 mol L-1 h-1 (with respect to
glycerol). Among the most effective catalytic procedures recently reported for the
transesterification of DMC with glycerol, it was claimed that in the presence of Ca-La
mixed-oxide catalysts, the reaction took place at 90 °C, but the overall rate (0.14 mol L-1
h-1) was three times lower than that of the thermal transesterification.198 Moreover, in the
same work, the selectivity towards 4.11a did not exceed 85%.

ii) if the reaction was run for 5 hours at a Q ratio of 60, multiple transesterification

processes occurred resulting in the highly selective formation of methyl [(2-oxo0-1,3-
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dioxolan-4-yl)methyl] carbonate (compound 4.11b). This compound was isolated in a 78%
yield.
In both cases i) and ii), the DMC excess was completely recovered by distillation and
recycled.

Scheme 4.16 summarizes the most plausible reaction pathways accounting for the

products observed during the reaction.
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Scheme 4.16. The reaction of glycerol with DMC: major products and pathways for their formation

The process likely involved the double transesterification of glycerol to produce 2,3-
dihydroxy propyl methyl carbonate (4.11*) followed by the (more stable) five-membered
ring product glycerol carbonate 4.11a (Eq. 1). These equilibrium reactions were affected
by the reactants molar ratio (Q). Results (not shown here)?? indicated that the higher the
relative amount of DMC (Q=40), the larger the extent of a further (third) transesterification
yielding carbonate 4.11b (Eq. 2, path ii). A direct methylation of 4.11a also occurred to
produce compound 4.11c (Eq. 2, path i). This compound however, was observed only in
trace amounts consistently with the higher activation barrier of methylations with respect
to transesterification reactions promoted by DMC.4553 Finally, glycidol (4.11d) and its
methyl carbonate derivative [4.11e: methyl (oxiran-2-ylmethyl) carbonate] plausibly
derived from decarboxylation processes of carbonates: these reactions have been

previously described by us and by others (Eqn. 3 and 4).109.110

Besides being effective for the synthesis of either compound 4.11a or its derivative

4.11b, the study of the batch thermal reaction of DMC and glycerol also highlighted a

190



4. CATALYST-FREE TRANSESTERIFICATION

simple expedient to further control the outcome of the process. In fact, the regulation of the
heating rate and the thermal inertia of the reactor (autoclave) could be an issue since the
reaction could sometimes run out of control yielding products of multiple
transesterification and undesired unidentified derivatives. It was noticed that at 180 °C
operating under an additional pressure of CO2 (20-to-50 bar), the reaction rate was
decreased, but the selectivity towards 4.11a was improved to 88% at a conversion of 94%.
After 5 hours, glycerol carbonate (4.11a) was isolated in a 84% yield. By contrast, if CO2
was substituted with an equal pressure of He, Ar, or N2, respectively, the amount of
glycerol carbonate was at best, ~35% at complete conversion. In this respect, CO2 might
also decrease, if not prevent, the occurrence of the above described decarboxylation
reactions. A similar result has been described also in the catalytic liquid phase oxidation of
p-xylene carried out in COz-expanded solvents.111 However, it was not only the mere action
of the operating pressure, but also the nature of the added gas, played a crucial role. For
sure, the direct carboxylation of glycerol with CO2 did not occur under the explored
conditions. This transformation not only requires high T and p (180 °C and 50 bar), but
also highly active catalysts (CeO2) and powerful dehydrating co-reagents.112 Other factors
should therefore be considered. For example: i) at 180 °C, in the range 10-50 bar, the
density of COz varies between 0.015 and 0.06 g/mL, similar to Ar, but, on average, twice as
high as N2 and 10-fold higher than He;113 ii) at 25 °C, the Henry constants for CO2, Ar, N2
and He in a model polar liquid such as methanol are 601, 10330, 17310 and 85500 Pa m?3
mol-1, meaning that COz is from 17- to 143-fold less soluble than other considered gases;114
iii) at 25 °C and 70 bar, the viscosity for CO2, Ar, N2 and He are of 54.2, 24.1, 19,1 and 19.6
pPa-s-1.115116 Not to mention the clustering effects that may operate in the proximity of the

supercritical state (sc) of COz (Figure 6: at Pco: = 50 bar; see note 28).117

Further considerations are discussed in the above mentioned paper recently

published by our group.®2

4.3.1.4 CF-reaction of glycerol with DMC

Based on the study of the batch thermal reaction of glycerol and DMC, the work of
this Thesis was focused at implementing the same reaction under CF-conditions. A first
remarkable issue for the development of a CF-protocol was the complete lack of miscibility
of the reactants at rt. Irrespective of their relative amounts and flow rates, when glycerol

and DMC were delivered separately to the CF reactor, undesired side-reactions could not
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be avoided: in particular, processes producing both glycidol (4.11d) and its
transesterification derivative 4.11e. These products rapidly formed polymeric-like
materials118 which eventually clogged the reactor. Table 4.3 shows some of the most
representative results obtained under CF-investigation at different T and p.

Table 4.3. CF reaction of DMC with glycerol in function of pressure, temperature and molar ratio.

Fglycer01=0.01 mL; Fpmc=0.06 mL/mln

Entry p DMC:glycerol T | Conversiona Selectivity (%)?
(bar) Molar ratio (°C) (%) 411a 4.11d Othersec
1 1 5 250 4 30 70 0
2 5 250 99 2 85 13
3 > 5 275 99 1 84 15
4 50 5 250 99 55 20 25
5 100 5 250 99 60 15 25

a The conversion of glycerol and the selectivity towards products 411.a, 4.11d, and “others” were determined by
GC, after 2 hours.
b Total of other products including 4.11b, 4.11c and 4.11e

At T=250 °C, the reaction did not substantially occur at ambient pressure (entry 1),
but the conversion of glycerol was quantitative in all experiments carried out at p2 5 bar.
The operating pressure not only affected the conversion, but even more remarkably, the

products distribution.

At 5 bar, the analysis of the mixture collected at the reactor outlet after 2 hours,
proved the formation of glycidol as a major product (up to 85%: entries 2 and 3). Beside
the decarboxylation of glycerol carbonate (Eq. 3 of Scheme 4.16), another reasonable
pathway for the formation of glycidol was the direct 1,2-elimination of water from glycerol
(Scheme 4.17).119 The latter reaction could be facilitated by the high temperature and the
modest DMC excess used for CF-reactions with respect to the above described batch

processes (see previous paragraph).

oH HO 0O
Ho\)\/OH ——> [ >~_OH
/

4.11 4.11d

Scheme 4.17. The formation of glycidol via the direct 1,2-elimination of water from glycerol

However, CF-tests must be stopped soon after the formation of glycidol because of

the clogging of the apparatus. This was due to the deposition of a highly viscous molasses-
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like liquid inside the reactor. Figure 4.15 shows some pictures of the material recovered. If
the vial containing the compound was turned upside down, more than 7 mins were

required for a drop of the liquid to exit.

1 min 7 min

Figure 4.15. Molasses-like liquid recovered in the CF-reaction of DMC and glycerol at 5 bar after 2 hours

The high temperature used for CF-experiments and the reactivity of glycidol (4.11d)
which formed as an initial product, plausibly triggered side-polymerization reactions
responsible for the formation of the observed molasses-like product. Although the
determination of the structure of this organic deposit was beyond the scope of the work,
both 1H and 13C NMR spectra of such a compound (labelled as glycidol polymer) were
acquired and compared to those of a commercially available standard of diglycerol. Results

are reported in Figure 4.16.

a] Diglyceral h:] Diglyceral

o =3 o o
m_A_u_t x= iyl

.I',,rnll- | _ | | | I

Giycidol palymer Giycidol potymer

Figure 4.16. a) 'H NMR and b) 13C NMR of diglycerol and the molasses-like liquid (glycerol polymer)
recorded in CD30D

A sort of diglycerol fingerprint could be recognized in both 1H and 13C NMR spectra,
thereby suggesting that the organic deposit isolated after the CF-experiments was a

polymer (or a polymeric mixture) constituted by a glycerol backbone. Moreover, the
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deposit exhibited an excellent solubility in water comparable to that of all glycerol-derived

oligomers and polymers.?

A significantly different distribution of products was noticed when the CF-reaction of
glycerol with DMC was performed at a high working pressure of 50 and 100 bar,
respectively. In this case, glycerol carbonate (4.11a) was the main product although the
corresponding selectivity never exceeded 60% (Table 4.3, entry 4 and 5). The high
pressure plausibly limited the extent of the decarboxylation of glycerol carbonate (Eq. 3:
Scheme 4.16) and the subsequent formation of glycidol to a maximum 20% amount.
Results however, were still not satisfactory. The use of a co-solvent was considered to
implement additional CF-reactions in which a homogeneous solution of reactants was
delivered to the reactor. Among the several solvents tested, methanol offered the best

option.

Screening experiments were carried out by varying T, p, and the DMC:MeOH molar
ratio in the range of 230-250 °C and ambient to 50 bar (Table 4.4). The best results were
achieved at 50 bar and 230-250 °C, by feeding the CF-reactor at 0.1 mL/min with a mixture
of DMC, methanol, and glycerol in a 10:6:1 molar ratio (Q), respectively (entries 1-3: Table

4.4). For an easier visualization, these data are also displayed by Figure 4.17.
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Table 4.4. Screening experiments for the CF reaction of DMC with glycerol using MeOH as a co-solvent.

Molar ratioa P T Conversion® Selectivity (%)
fnery DMC MeOH (bar) (°C) (%) 411a 4.11d othersc
1 230 79 91 3 6
2 50 240 83 88 4 8
3 250 95 83 3 14
4 ° 1 250 0 --- - -

10
5 5 250 99 --- 83 17
6 20 250 99 2 65 33
7 10 250 97 65 16 19
8 20 >0 250 96 38 43 19
9 220 24 97 - 3
10 20 7.3 50 230 73 93 3 4
11 240 98 78 3 19

a2 DMC and MeOH molar ratio respect to glycerol. The MeOH amount was adjusted case-by-case to obtain a

homogeneous mixture. The total flow rate of the mixture (DMC+MeOH+glycerol) was 0.1 mL/min

b The conversion of glycerol and the selectivity towards products 411.a, 4.11d, and “others” were determined by

GC, after 2 hours.

¢ Total of other products including 4.11b, 4.11c and 4.11e
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Figure 4.17. Conversion and selectivity of the CF-reaction of glycerol and DMC as a function of the

temperature. Other conditions: DMC, methanol, and glycerol in a 10:6:1 molar ratio (Q), respectively; 50 bar;

total flow rate: 0.1 mL/min.

As observed for the transesterification of diols (Figure 4.13 and Figure 4.14), the

moderate residence time (t~15 min) implied the need of a higher T for the CF-reaction of

glycerol with DMC with respect to the batch-process (Figure 4.17). GlyC (4.11a) was the

most abundant product: under the explored conditions, the conversion of glycerol and the

selectivity towards compound 4.11a were of 78% and 91% at 230 °C, and of 95% and 83%
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at 250 °C. Moreover, the CF-system could operate virtually indefinitely since not only
catalysts had not to be recovered/activated or disposed of, but the by-product glycidol was
detected in trace amount, meaning that no substantial risk of side-polymerization reaction
and clogging of the system. This also simplified the work-up of reaction mixtures. A
complete recycle of the excess DMC was possible with isolated yields of glycerol carbonate
in the range of 70-80%.121 [t should be noted here that of the many catalytic methods
recently reviewed for the transesterification of DAICs with glycerol,17122 most of them
were not suitable for CF-applications because conventional bases (even solid compounds)
used as catalysts were partially soluble in glycerol and/or DMC. To the best of our
knowledge, the only reported CF-method using hydrotalcite-based catalysts was able to
operate at 130 °C, but it required a highly noxious solvent such as DMSO and the best
found selectivity for 4.11a was 77% at complete conversion.123 This value was
comparable, if not lower, to that of the present CF-thermal reaction. Not to mention the
impact of both upstream and downstream operations. The manufacture, activation and
recycle (when possible) of heterogeneous catalysts needed energetically expensive

calcination steps.124

On a final note, thermal CF-tests confirmed the role of the partitioning of reactants
between liquid and vapor phases. At 250 °C, no reaction took place at ambient pressure,
while, at only 5 bar, a quantitative process was observed and a fascinating shift of
selectivity was observed: the decarboxylation of glycerol gave glycidol as the major
product (4.11d:~83%) and only traces of GlyC were detected. The synthetic potential of
this reaction was however, limited by the further polymerization of 4.11d. This result will

be the object of future investigations.
4.3.2 Experimental

4.3.2.1 Materials

1,2,3-trihydroxypropane (glycerol, 4.11), 1,2-dihydroxypropane (propylene glycol,
PG (4.6)), 1,2-ethanediol (ethylene glycol, EG (4.7)), 1,3-Dihydroxypropane (4.8), 1,3-
Butanediol (4.9), 1,4-butanediol (4.10), diglycerol, dimethyl carbonate (DMC), methanol
(MeOH), ethyl acetate (EA), cyclohexane (Cy), diethyl ether (EE) and dichloromethane
(DCM) were ACS grade from Aldrich and were used as received. CO2, N2, He, Ar were

research grade from SIAD and used as received.
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4.3.2.2 Analysis instruments

GC/FID analysis were run using a Perkin Elmer Elite-624 capillary column (L=30 m,
?=0.32 mm, film thickness=1.8 pm). The following conditions were used. Carrier gas: Nz;
flow rate: 5.0 mL min-1; split ratio: 1:1; initial T: 50 °C (3 min), ramp rate: 8 °C min-1; final

T: 220 °C (10 min).

GC/MS (EI 70 eV) analysis were run using a Grace AT-624 capillary column (L=30 m,
(#=0.32 mm, film thickness=1.8 pm). The following conditions were used. Carrier gas: He;
flow rate: 1.2 mL min-1; split ratio: 10:1; initial T: 50 °C (3 min), ramp rate: 15 °C min-;

final T: 220 °C (3 min).

IH NMR were recorded at 400 MHz, 13C spectra at 100 MHz and chemical shift were

reported in § values downfield from TMS; CDCls was used as solvent

4.3.2.3 The autoclave

The batch autoclave used for the investigation was crafted by the Unviversita Ca’

Foscari workshop and in-house assembled (Figure 4.18).

7.4

Figure 4.18. Representative scheme of the 200 mL stainless steel autoclave used in the investigation

It was composed by 1) a Pressure gauge; 2) Thermocouple housing (closed stainless
steel tube); 3) Exhaust tap; 4) Inlet/sampling tap; 5) Inlet/sampling tube; 6) Stirring bar;

7) Flange, to be closed with 6 bolts (Teflon® or aluminum o-ring within the fitting).
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4.3.2.4 CF apparatus.

The apparatus used for the investigation was in-house assembled (Figure 4.19). A
HPLC Pump (Shimazdu LC-10AS) was used to send the reactants mixture (substrate and
DMC) to an empty stainless steel tubular reactor (L=2.65 m, #=1/16", inner volume~1.7
mL). The reactor was heated at the desired temperature by placing it in a GC oven (HP
5890 GC). At the outlet of the oven, the reacting mixture was allowed to cool to ~60 °C by
flowing through an additional segment of an empty capillary stainless steel tube (L=0.5 m,
@#=1/16") which was further cooled by a fan. The mixture then entered a manual Swagelok
KPB1N0G412 back pressure regulator (BPR) equipped with an electronic pressure sensor.
Because of the dead inner volume of the BPR (~8-10 mL), a long time of ~5 h was required
for the reaction mixture to reach an equilibrium composition at the outlet of the BPR. The
problem was overcome by placing a Rheodyne valve (7725i) with a 100 pL loop between
the reactor and the BPR. The valve greatly facilitated the sampling of the reaction mixture

and the monitoring of the reaction course.

Rheodyne
valve
Z

Sample
collection

Reactants pumep
mixture
Figure 4.19. Schematic diagram for the in-house built continuous-flow apparatus

4.3.2.5 CF catalyst-free transesterification of DMC with diols and glycerol

Batch reactions: general procedure. A 200-mL stainless steel autoclave was charged
with a mixture of a diol 4.6-4.8 (each substrate: 500 mg) and DMC. The reactants molar
ratio (Q=DMC:substrate) was varied from 2 up to 80. The autoclave was degassed via three
vacuum-nitrogen cycles, and then electrically heated at the desired temperature (120-220
°C). The reaction was allowed to proceed from 0.5 to 24 h during which the reacting

mixture was kept under magnetic stirring. The autogeneous pressure was in the range of 2-
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20 bar. At the end of each run, the autoclave was rapidly cooled at r.t. (in a water bath), and

vented. The final mixture was analyzed by GC/FID and GC/MS.

Continuous-flow reactions: general procedure. A mixture of a diol (4.6-4.10) and DMC
was prepared by varying the reactants molar ratio (Q) from 1.1 to 19. The reactants
solution (10 mL) was initially used to prime the CF-apparatus at rt. Then, the solution was
delivered to the CF-reactor (an empty capillary steel tube: 2.65 m x 1/16”) at a flow rate of
0.1 mL/min, while the operating temperature and pressure were set at the desired values
(from ambient to 50 bar, and 150 to 280 °C) by a back-pressure regulator and a
thermostated oven. Once an amount of the reacting mixture (~8.5 mL) equal to 5 times the
inner volume of the reactor was allowed to flow, samples were taken up (by a Rheodyne
valve) at regular intervals of 30 min and analyzed by GC/FID and GC/MS. Once the
experiment was complete, the reactor was cooled to 60 °C, washed with methanol (100 mL

at 0.5 mL/min), and finally, vented at ambient pressure.

The same procedure was used also for the reaction of glycerol with one difference:
due to the poor mutual miscibility of reactants, a mixture of glycerol, DMC, and methanol in
1:10:6 molar ratio, respectively, was used. Methanol (as a co-solvent) allowed the

formation of a clear homogeneous solution.

4.3.2.6 Isolation and characterization of products

1,3-dioxan-2-one (4.8a). With reference to the experiment in Table 4.2 (entry 2),
the reaction mixture was collected after the first sample for 1.5 h and concentrated by
rotary evaporation (60 °C, 40 mbar). The oily residue was purified by FCC with
EE:DCM=3:2 v/v. All the fractions of the title product (4.8a) also contained 4.8b in a not
negligible amount. The mixture was characterized by 'H NMR, 13C NMR. Comparing the
mixture NMR spectra with the NMR of pure 4.8b, it is possible to deduce the structure of
4.8a. (see appendix A).

1H NMR (400 MHz, CDCl3) &: 4.24 (td, ] = 6.2, 2.3 Hz, 4H), 2.05 (quint, ] = 6.2 Hz, 2H).
13C NMR (100 MHz, CDCls) &: 155.06, 64.43, 28.20.

3-hydroxypropyl methyl carbonate (4.8b). With reference to the experiment in
Table 4.2 (entry 2), the reaction mixture was collected after the first sample for 1.5 h and
concentrated by rotary evaporation (60 °C, 40 mbar). The oily residue was purified by FCC
with EE:DCM=3:2 v/v. Title product was obtained in a small amount and characterized by

1H NMR, 13C NMR, HMQC, HMBC and GC/MS. (see appendix A).
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1H NMR (400 MHz, CDCls) &: 4.30 (t, ] = 6.2 Hz, 2H), 3.79 (s, 3H), 3.74 (t, ] = 6.0 Hz,
2H), 1.92 (m, 2H). 13C NMR (100 MHz, CDCls) 6: 156.21, 65.18, 59.18, 54.97, 31.82. GC/MS
(relative intensity, 70eV) m/z: 134 (M*, <1); 104.00 (22); 77.00 (100); 59.00 (31); 58.00
(20); 57.00 (30); 45.00 (19); 41.10 (10).

4-methyl-1,3-dioxan-2-one (4.9a). With reference to the experiment in Table 4.2
(entry 3), the reaction mixture was collected after the first sample for 1.5 h and
concentrated by rotary evaporation (60 °C, 40 mbar). The oily residue was purified by FCC
with EE:DCM=1:4 v/v. Title product was obtained in a small amount and characterized by

1H NMR, 13C NMR, HMQC, HMBC and GC/MS. (see appendix A).

1H NMR (400 MHz, CDCl3) 6: 4.61 (m, 1H), 4.47 - 4.34 (m, 2H), 2.12 - 1.86 (m, 2H),
1.44 (d, ] = 6.3 Hz, 3H). 13C NMR (100 MHz, CDCls) &: 149.07, 75.83, 66.99, 28.81, 21.26.
GC/MS (relative intensity, 70eV) m/z: 116.00 (M+, 3); 44 (25); 43 (100); 42 (78); 41 (35);
39 (16).

3-hydroxybutyl methyl carbonate + 4-hydroxybutan-2-yl methyl carbonate
(4.9b+4.9b’). With reference to the experiment in Table 4.2 (entry 3), the reaction mixture
was collected after the first sample for 1.5 h and concentrated by rotary evaporation (60
°C, 40 mbar). The oily residue was purified by FCC with EE:DCM=1:4 v/v. Title products
were obtained as a mixture in a small amount and characterized by 1H NMR, 13C NMR. (see

appendix A).

IH NMR (400 MHz, CDCls): Characteristic signals are the doublets of the methyl
groups 6=1.35-1.2 and the two singlets of the methyl groups at almost the same § = 3.78.
13C NMR (100 MHz, CDCls) &: 156.17, 156.04, 72.80, 65.48, 64.86, 58.90, 54.96, 54.87,
39.03, 38.08, 23.72, 20.47.

4-(hydroxymethyl)-1,3-dioxolan-2-one (glycerol carbonate, 4.11a). With
reference to the experiment in Figure 4.17 (240 °C), the reaction mixture was collected for
1 hour, concentrated by rotary evaporation (60 °C, 40 mbar) and the oily residue purified
by FCC with EA:Cy=2:1 v/v. Title product was obtained in 78% yield (purity 98% by
GC/FID). The product appeared as a colorless liquid and was characterized by GC/MS and

the structure confirmed by comparison to a commercial sample. (see appendix A).

GC/MS (relative intensity, 70eV) m/z: 118 (M+, <1); 88 (38); 87 (40); 86 (15); 45 (9);
44 (100); 43 (94).
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Methyl ((2-oxo0-1,3-dioxolan-4-yl)methyl) carbonate (4.11b). With reference to
the experiment in Figure 4.17 (250 °C), the reaction mixture was collected for 1 hour,
concentrated by rotary evaporation (60 °C, 40 mbar) and the oily residue purified by FCC
with EA:Cy=2:1 v/v. Title product was obtained in small amount, characterized by 1H NMR,
13C NMR and GC/MS and compared to the analyses reported in the Master thesis.107 (see

appendix A).

1H NMR (400 MHz, CDCl3) 6: 4.93 (m, 1H), 4.65 - 4.40 (t, 2H), 4.39 - 4.27 (m, 2H),
3.83 (s, 3H). 13C NMR (100 MHz, CDCI3) 6: 155.31, 154.24, 73.51, 66.15, 65.90, 55.61.
GC/MS (relative intensity, 70eV) m/z: 176 (M*, <1); 100 (61); 90 (71); 87 (24); 86 (9); 77
(67); 59 (100); 58 (34); 57 (16); 56 (20); 55 (8); 45 (71); 44 (9); 43 (82); 42 (15).

4-(methoxymethyl)-1,3-dioxolan-2-one (4.11c). With reference to the experiment
in Figure 4.17 (250 °C), the reaction mixture was collected for 1 hour, concentrated by
rotary evaporation (60 °C, 40 mbar) and the oily residue purified by FCC with EA:Cy=2:1
v/v. Title product was obtained in a small amount, characterized by 1H NMR, 13C NMR and

GC/MS and compared to the analyses reported in the Master thesis.1%7 (see appendix A).

1H NMR (400 MHz, CDCls) 6: 4.80 (m, 1H), 4.53 - 4.31 (m, 2H), 3.61 (m, 2H), 3.43 (s,
3H). 13C NMR (100 MHz, CDCl3) &: 154.98, 75.05, 71.62, 66.32, 59.81. GC/MS (relative
intensity, 70eV) m/z: 132 (M+, <1); 45 (100); 43 (8).

Methyl (oxiran-2-ylmethyl) carbonate (4.11e). With reference to the experiment
in Figure 4.17 (250 °C), the reaction mixture was collected for 1 hour, concentrated by
rotary evaporation (60 °C, 40 mbar) and the oily residue purified by FCC with EA:Cy=2:1
v/v. Title product was obtained in small amount, characterized by 1H NMR, 13C NMR and
GC/MS. and compared to the analyses reported in the Master thesis.107 (see appendix A).

1H NMR (400 MHz, CDCl3) &: 4.40 (dd, ] = 12.1, 3.3 Hz, 1H), 4.05 (dd, ] = 12.0, 6.1 Hz,
1H), 3.83 (s, 3H), 3.27 - 3.21 (m, 1H), 2.85 (dd, ] = 4.9, 4.1 Hz, 1H), 2.67 (dd, ] = 4.9, 2.6 Hz,
1H). 13C NMR (100 MHz, CDCl3) &: 155.69, 68.39, 55.19, 49.18, 44.71. GC/MS (relative
intensity, 70eV) m/z: 132 (M*, <1); 77 (16); 73 (20); 59 (100); 58 (67); 57 (23); 56 (26); 55
(8); 45 (89); 44 (7); 43 (62); 42 (12).
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5 CONCLUDING REMARKS

In this Thesis work, a systematic application of continuous-flow (CF) procedures has
been investigated for the chemical upgrading of important bio-based platform molecules
including glycerol and its derivatives. Apart from the reactivity of the different substrates,
the implementation of such techniques shows intrinsic difficulties associated with physical
properties such as the high viscosity, the high boiling points and the poor miscibility
(especially for glycerol) in the common organic solvents, of the involved reactants. Last,
but not least, glycerol and its derivatives may act as solvents for several inorganic

compounds, thereby limiting the choice of solid catalysts to be used under CF-conditions.

In the first part of the project, the CF-acetalization of glycerol has been explored by
comparing the performance of a conventional acid catalyst such as Amberlyst 36 to that of
commercial AlF3-3H20. The latter has never been previously reported for the investigated
reaction and it has been selected not only for its acid properties, but also for economic
reasons and its chemical/mechanical stability. The most salient result of this study is the
ability of the AF catalyst to promote an effective acetalization of a crude-like glycerol,
meaning glycerol contaminated by the most common impurities deriving from the
biodiesel manufacturing. These include water, methanol, and NaCl. Since the isolation of
acetal products by distillation of final reaction mixtures is not only simpler, but also
cheaper than common techniques required for the purification of off-grade glycerol, it is by
far more convenient to convert crude glycerol (to acetals) rather than refining the crude
reagent and then proceeding with its upgrading. By contrast, Amberlyst 36, though far
more active than AF for the conversion of pure glycerol, is rapidly deactivated by the
presence of even traces of inorganic salts. The characterization of commercial AlF3-3H20
has proven that the active phase for the acetalization process is likely a solid solution (SS)
composed of Alz[(F1x(OH)x]6(H20)y. This finding opens an attractive perspective for future
studies aimed at exploring the synthesis and applications of the pure SS compound as a
catalyst for both acetalization reactions and other model acid-promoted processes.
Furthermore, real batches of crude glycerol, instead of crude-like ones, could be taken into

consideration as more real representative samples.
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The second part of the Thesis project has been carried out at the University of
Nottingham, UK. This investigation has allowed to implement one of the few examples of a
CF-synthesis of quinoline starting from the reaction of solketal as a bio-based platform
chemical belonging to glycerol derivatives, with primary aromatic amines in the presence
of niobium phosphate (NbP) as a solid catalyst. The study proposes a modification of the
known Skraup synthesis not only for the fact that a glycerol acetal (rather than glycerol)
was chosen as a reactant, but also for the unprecedented use of NbP as a solid catalyst in
place of the conventional liquid H2504. Although the procedure is limited to conversion and
selectivity not exceeding 60% and 80%, respectively, the explored CF-arrangement allow
to avoid harsh conditions necessary to run the Skraup synthesis in the batch mode. The
inedited catalytic activity displayed by NbP for this reaction, has been confirmed using
different anilines. In particular, the reaction of solketal with 4,4’-methylenedianiline has
given a new compound whose crystallographic structure has been determined. Due to lack
of time, no attempts to restore the activity of the spent catalyst were made. It could be
interesting to investigate thermal treatments able to restore the catalyst activity. In
addition to this, the both Lewis and Bronsted nature of the Niobium phosphate could be
exploited. In particular, if it could possible to treat the solid in order to obtain a complete
Lewis or Bronsted acid, the reaction could be controlled forming selectively the quinoline

or the indole derivative.

The last part has been focused on the study of the CF-reactivity of glycerol and
glycerol acetals (GAs) with dialkyl carbonates (DAICs). The reactions of GAs were
previously investigated by our research group under batch conditions in the presence of
base catalysts. The first attractive aspect emerging from the experiments carried out
during this Thesis work, is that, providing a certain temperature and pressure, the mono-
transesterification of DAICs with GAs takes place under catalyst-free conditions operating
in the CF-mode. The reaction affording the desired products, with almost complete
conversion and selectivity. The absence of a catalyst allows to avoid several issues dealing
with not only the cost of the catalytic system (which may have a limited incidence), but
rather the problems of deactivation and reactivation procedures, as well as the leaching
phenomena and the drop of the performance with time. This last aspect being a critical
drawback especially for CF-procedures. The success of the thermal reactions between
DAICs and GAs has prompted us to investigate the same process by using also 1,n-diols and

eventually glycerol, as the most attractive natural derived “triol”. Parallel investigations of
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catalyst-free reactions have been carried out under both batch and CF-conditions. 1,n-diols,
particularly 1,2-diols, allow the selective synthesis of the corresponding cyclic carbonate
derivatives. While, the most intriguing result comes from the reaction of glycerol whose
selectivity can be switched by varying the conditions: in the batch mode, by changing the
reaction time and the reactants molar ratio, either glycerol carbonate or its
transesterification derivative, i.e. methyl [(2-ox0-1,3-dioxolan-4-yl)methyl] carbonate can
be obtained with selectively 85% and 88%, respectively. In the flow-mode, by varying the
operating pressure, glycerol carbonate or glycidol can be produced with high selectivity.
The captivating aspect of this study is the catalyst-free nature of the protocol: once
reaction parameters (p, T, flow rate) are set, the process can be run virtually indefinitely
without alteration of the product distribution and with very simple downstreaming
operations for the purification of products and the recover/recycle of excess
(unconverted) reactants. The thermal transesterification of DAICs should not be restricted
only to substrates such as glycerol or its derivatives. For instance catechol carbonate, used
as an intermediate for syntheses of a variety of chemicals, may be synthesized from

catechol and DMC trough a thermal CF process.
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6 APPENDIX A

6.1 Glycerol acetalization (chapter 2)

6.1.1 ICP analysis

ICP-OES analyses were carried out to evaluate the leaching of Al from the catalytic bed
of AlF3-3H20 (AF). Analyses were run on a Perkin Elmer Optima 5300DV in axial direction
at 394.401 nm. A calibration curve was obtained by using seven aqueous solutions
containing 300, 200, 150, 100, 60, 40 and 20 ppb of Al These solutions were all prepared by
dilution of a 1000 mg/L standard solution of ionic Al in HNOs. The linear fit was
automatically calculated by the ICP software resulting with interceptor=-151.8, slope=21.70

and correlation coefficient=0.996961.

A total of three samples were considered for Al-analyses. They were obtained
according to the procedure described in the experimental section. The first two samples (A
and B) derived from the reaction of glycerol with acetone catalyzed by AlF3-3H20: they were
expected to contain the same amount of Al. While, the third one was prepared by flowing the
reactants glycerol (Glycl) and acetone through the CF-apparatus in the absence of the
catalyst (Blank).

Before any measure, each sample was first diluted with milli-Q water (20 mL). Aand B
were then diluted again in a 1:3 v/v ratio. Table A1 reports the results. Each analysis was

the average of 6 subsequent acquisitions.

Table A1. ICP-OES analyses of the Al content

Entry Sample Aluminium content (ug/L)

1 A 214.0
2 B 188.1
3 Blank 137.4

Al
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6.1.2 Ion chromatography analysis

Ion chromatography analyses were carried out to evaluate the leaching of F- from the
catalytic bed of AlF3-3H20 used in this investigation. Analyses were run on a Dionex LC20
(Chromatography enclosure) equipped with a Dionex GP40 gradient pump and a Dionex
ECD ED40 (working at 100 mA). A Dionex AS14 was used as column with 1mM
carbonate/3.5 mM bicarbonate as a mobile phase. A calibration curve was obtained by using
four aqueous solutions containing 0.5, 1, 3, 7 ppm of F-The linear fit was automatically
calculated by the chromatograph control software (Chromeleon) resulting with

slope=0.131, interceptor forced to 0 and correlation coefficient=0.999868.

A total of two samples were considered for F- analyses. They were obtained according
to the procedure described in the experimental section. The first sample (A) was derived
from the reaction of glycerol (Glyc1) with acetone catalyzed by AlF3-3H20 while, the second

one was prepared by flowing the reactants in the absence of the catalyst (blank).

Before any measure, each sample was first diluted with milli-Q water in a 1:5 v/v ratio.

Table A2 reports the results. Each analysis was the average of 4 subsequent acquisitions.

Table A2. lon chromatography analyses of the F- content

Entry Sample F- content (mg/L)
1 A 2.808
2 Blank 0.274

A2
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6.1.3 NMR and mass analyses
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Figure Al. 1H NMR spectra of 2.3a

1H NMR (300 MHz, CDCl3) 6 (ppm): 4.25 (m, 2H), 4.12 - 4.00 (m, 2H), 3.85 - 3.72 (m,
4H), 3.61 (m, 2H), 1.79 - 1.62 (m, 4H), 1.39 (s, 3H), 1.33 (s, 3H), 0.96 (m, 6H).

The spectrum also showed traces of 2-butanone which corresponded to the following
signals: TH NMR (300 MHz, CDCI3) & (ppm): 2.47 (q, / = 7.3 Hz, 2H), 2.15 (s, 3H), 1.07 (t, ] =
7.3 Hz, 3H).
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Figure A2. 13C NMR spectra of 2.3a

13C NMR (75 MHz, CDCl3) 8 (ppm): 111.91, 111.61, 76.93, 76.25, 66.23, 66.19, 63.46,
63.28, 32.90, 31.99, 24.54, 23.45, 8.86, 8.57.

The spectrum also showed traces of 2-butanone which corresponded to the following

signals: 13C NMR (75 MHz, CDCls3) 6 (ppm): 37.00, 29.59, 7.96.
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Figure A3. MS spectra of 2.3a

GC/MS (relative intensity, 70eV) m/z: 146 (M+, <1%), 131 (20), 117 (100), 115 (27),
86 (11),73 (11),61 (14),57 (84), 55 (18), 43 (80).
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Figure A4 and Figure A5 report the MS spectra consistent with the structure of the
cyclic six-membered ring acetals 2.3a’. However, it is not possible to establish which isomer

corresponds to which MS spectrum

6 0000 ok
55000 .7 0
50000 HOL/

45000 2.33I
40000 117 (CiSO or tranS)

35000
30000 131
25000
20000
15000

10000

5000

8 6
H I 97 107 ||| 141 154163 178 1891097
T

T T T T T T T T T T
20 30 4 0 50 6 0 70 8 0 9 0 100 110 120 130140150160 170 180190

Figure A4. MS spectra of 2.3a’ (cis or trans)

GC/MS (relative intensity, 70eV) m/z: 146 (M+, <1%), 131 (43), 117 (61), 73 (99), 57
(80),55(31),44 (12),43 (100).
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Figure A5. MS spectra of 2.3a’ (cis or trans)

GC/MS (relative intensity, 70eV) m/z: 146 (M*, <1%), 131 (22), 117 (82), 73 (85), 57
(56),55(27),44 (10),43 (100).
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6.2 Glycerol for the synthesis of N-heterocycles (chapter 3)

6.2.1 NMR and mass analyses

e
J .

S g :-""# [
il

I iR

Figure A6. 'H NMR spectra of 3.1a

1H NMR (400 MHz, CDCl3) & 8.92 (dd, ] = 4.2, 1.7 Hz, 1H), 8.16 (m, 1H), 8.12 (m, 1H),
7.85-7.80 (m, 1H), 7.72 (ddd, ] = 8.5, 6.9, 1.5 Hz, 1H), 7.55 (ddd, ] = 8.1, 6.9, 1.2 Hz, 1H), 7.40
(dd, ] = 8.3, 4.2 Hz, 1H).
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Figure A7.13C NMR spectra of 3.1a

13C NMR (100 MHz, CDCl3) § 150.53, 148.40, 136.22, 129.60, 129.58, 128.43, 127.92,
126.68, 121.21.
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Figure A9. COSY spectra of 3.1a

1 gy

1 gy



6.APPENDIX A

imenaf

THME, 070 nﬁ'..'.'-'-éi-'.'.'s'.|

ai0f]

él-

4-

21

| DACATIT

[ L TFEST S PR RS e -
100 2 i 0 500 &0 7o 00s i e

Figure A10. Mass spectra of 3.1a

Mass (Most Intense MS Peaks) m/z: 158.0968 (51.0), 144.0808 (31.0), 131.0683
(10.6), 130.0653 (100.0).

A9



6. APPENDIX A

Ry -

g e

34t CHy

Figure A11.'H NMR spectra of 3.1b

IH NMR (500 MHz, CDCl3) § 7.59 (dd, J = 7.8, 1.1 Hz, 1H), 7.35 (dd, J = 8.0, 0.9 Hz, 1H),
7.19 (ddd, J=8.2, 7.0, 1.3 Hz, 1H), 7.12 (ddd, J= 7.9, 7.0, 1.0 Hz, 1H), 6.97 (dd, J= 2.3, 1.2 Hz,
1H), 2.34 (d, J= 1.1 Hz, 3H).
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Figure A12.13C NMR spectra of 3.1b

3C NMR (125 MHz, CDCls) § 136.39, 128.41, 121.98, 121.68, 119.23, 118.95, 111.86, 111.06, 9.80.
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Figure A13. HMQC spectra of 3.1b
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Figure A14. HMBC spectra of 3.1b
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Figure A15. Mass spectra of 3.1b

Mass (Most Intense MS Peaks) m/z: 289.1683 (10.2) 263.1535 (13.3), 190.1229 (12.3),
158.0967 (58), 146.0963 (24.7), 144.0809 (48.9), 131.0687 (11.0), 130.0654 (100.0).
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Figure A16. 'H NMR spectra of 3.3a

1H NMR (300 MHz, CDCl3) § 8.78 (dd, ] = 4.3, 1.7 Hz, 1H), 8.12 - 8.07 (m, 1H), 8.07 - 8.02
(m, 1H), 7.43 - 7.36 (m, 2H), 7.09 (d, ] = 2.8 Hz, 1H), 3.95 (s, 3H).
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Figure A17.13C NMR spectra of 3.3a

BC NMR (75 MHz, CDCls) § 157.95, 147.72, 144.15, 135.25, 130.68, 129.48, 122.63, 121.49, 105.24,
55.68.
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Figure A19. COSY spectra of 3.3a
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Figure A20. Mass spectra of 3.3a

Mass (Most Intense MS Peaks) m/z: 161.0789 (11.2), 160.0766 (100.0).
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Figure A21.1H NMR spectra of 3.3b

IH NMR (300 MHz, CDCl3) & 6.84 — 6.78 (m, 2H), 6.69 — 6.62 (m, 2H), 3.76 (s, 3H), 2.82
(s, 3H).
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Figure A22. 13C NMR spectra of 3.3b

3C NMR (75 MHz, CDCl3) § 152.7, 142.9, 115.1, 114.4, 55.98, 32.2.
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Figure A23. HMQC spectra of 3.3b
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Figure A24. COSY spectra of 3.3b
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Figure A25. Mass spectra of 3.3b

Mass (Most Intense MS Peaks) m/z: 301.1545 (25.2), 188.1068 (11.3), 160.0756
(18.3),138.0919 (100.0), 123.0679 (20.5).
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Figure A26.'H NMR spectra of 3.3c

'H NMR (300 MHz, CDCl3) § 6.82 — 6.75 (m, 2H), 6.62 — 6.55 (m, 2H), 3.75 (s, 3H), 3.11
(0, J=7.1 Hz, 2H), 1.24 (t, J= 7.1 Hz, 3H).
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Figure A27.13C NMR spectra of 3.3c

3C NMR (75 MHz, CDCl3) § 152.19, 142.91, 115.04, 114.25, 55.98, 39.60, 15.16.
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Figure A29. Mass spectra of 3.3c

Mass (Most Intense MS Peaks) m/z: 323.1751 (11.4),301.1554 (17.2), 153.1104 (10.),
152.1077 (100.0), 123.0680 (15.5).
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Figure A30. 'H NMR spectra of 3.4a

IH NMR (400 MHz, CDCls) & 8.85 (dd, J = 4.3, 1.7 Hz, 1H), 8.07 (dd, J = 8.3, 1.8, 1H),
8.01 (d, J= 9.2, 1H), 7.58 — 7.54 (m, 2H), 7.36 (dd, J= 8.3, 4.2 Hz, 1H), 7.02 (d, J = 8.3 Hz, 2H),
6.67 — 6.63 (M, 2H), 4.06 (s, 2H).
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Figure A31. 13C NMR spectra of 3.4a

3C NMR (100 MHz, CDCls) § 149.9, 147.3, 144.9, 140.7, 135.9, 131.4, 130.6, 130.1, 129.5, 128.5, 126.6,
121.2, 1155, 41.2.
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Figure A32. HMQC spectra of 3.4a
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Figure A34. COSY spectra of 3.4a
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Figure A35. Mass spectra of 3.4a

Mass (Most Intense MS Peaks) m/z: 236.1273 (18.8), 235.1245 (100.0).
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Figure A36. Crystal structure of 3.4a
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Figure A37.1H NMR spectra of 3.4b

IH NMR (300 MHz, CDCls) § 8.91 (dd, J = 4.3, 1.7 Hz, 2H), 8.09 (m, 4H), 7.70 — 7.57 (m,
4H), 7.41 (dd, J = 8.3, 4.2 Hz, 2H), 4.39 (s, 2H).
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Figure A38. 13C NMR spectra of 3.4b

3C NMR (100 MHz, CDCl3) 5 150.1, 147.3, 138.9, 135.7, 131.2, 129.8, 128.4, 127.1, 121.3, 41.8.
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Figure A39. COSY spectra of 3.4b
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Figure A40. Mass spectra of 3.4b

Mass (Most Intense MS Peaks) m/z: 277.1343 (24.0), 272.1270 (19.9), 271.1245
(100.0),139.0734 (15.4).
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Figure A41.1H NMR spectra of 3.2a

IH NMR (500 MHz, CDCl3) § 8.02 (d, J = 8.5, 1H), 7.95 (dd, J= 8.3, 1.4 Hz, 1H), 7.67 (ddd, J= 8.4, 6.8, 1.4
Hz, 1H), 7.50 (ddd, J = 8.2, 6.9, 1.3 Hz, 1H), 7.14 (d, J= 1.1 Hz, 1H), 2.70 (s, 3H), 2.67 (d, 3H).
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Figure A42.13C NMR spectra of 3.2a

13C NMR (126 MHz, CDCI3) & 158.80, 147.84, 144.32, 129.28, 129.24, 126.70, 125.55,
123.72, 122.86, 25.38, 18.74
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Figure A43. HMQC spectra of 3.2a
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Figure A44. HMBC spectra of 3.2a
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Figure A45. COSY spectra of 3.2a
g #5101 2min BEa-1 004
L el
4 15209
i
2051800 T
[ [ I— l 1 . ﬂ:.EIEEd
L4 e] 20 30 400 50 B0 e

Figure A46. Mass spectra of 3.2a

Mass (Most Intense MS Peaks) m/z: 266.1900 (10.7), 172.1123 (53.1), 159.0992
(12.9),158.0961 (100.0).
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Figure A47.1H NMR spectra of 3.2b

IH NMR (500 MHz, CDCls) 5 7.07 (dd, J = 7.6, 1.5 Hz, 1H), 6.99 (td, ] = 7.6, 1.5 Hz, 1H),
6.67 (td, J = 7.5, 1.3 Hz, 1H), 6.53 — 6.49 (d, 1H), 5.32 (d, J = 1.5 Hz, 1H), 1.99 (d, J = 1.4 Hz,

3H), 1.30 (s, 6H).
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Figure A48. 13C NMR spectra of 3.2b

13C NMR (125 MHz, CDCl3) § 142.63, 128.75, 128.53, 128.49, 123.78, 122.06, 117.89,
113.58, 52.17, 30.82, 18.71.
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Figure A49. HMQC spectra of 3.2b
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Figure A50. HMBC spectra of 3.2b
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Figure A52. Mass spectra of 3.2b

Mass (Most Intense MS Peaks) m/z: 278.1801 (15.0), 214.1602 (16.7), 175.1316
(13.6),174.1287 (100.0), 172.1126 (12.3), 158.0962 (15.9).
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6.3 Catalyst-free transesterification (chapter 4)

6.3.1 GC calibration curve

A GC calibration curve for GlyF was obtained using n-tetradecane (C14) as external
standard. Four different solutions of the commercial GlyF isomers in ethyl acetate were
prepared at 0.08, 0.06, 0.04 and 0.02 M concentration. In particular 406, 302, 207 and 101
mg of GlyF were used. To each solution, the same quantity of n-tetradecane was added.

Figure A53 shows the results of the calibration test.

0,64

Linear regression Y =A+B * X

Value  Standard Error
Intercept A -0,03191 0,00998
Slope B 0,00701  1,86929E-4

0,41 P

<
—
O
<
L
>
<O
0,2
Number of Points 4
Residual Sum of Square 1,31632E-4
Pearson's r 0,99929
Adj. R-Square 0,99787
0,0 T T T T
0 20 40 60 80

GlyF (mmol/L)

Figure A53. Calibration curve for GlyF. n-tetradecane (C14) was used as standard. Aciyr/Ac14 was the ratio of

GC area responses of GlyF and Ci4.
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6.3.2 NMR and mass analyses
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Figure A54. 'H NMR spectra of mixture product 4.1a+4.1a’

1H NMR (CDCl3, 400MHz) & (ppm): 5.04 (s, 1H), 4.89 (m, 2H), 4.81 (d, ] = 6.2 Hz, 1H),
4.59 (m, 1H), 4.30 (gnt, 1H), 4.25 - 4.13 (m, 2H), 4.07 - 3.92 (m, 5H), 3.80 (s, 3H), 3.79 (s,
3H),3.73 (dd, ] = 8.5, 5.4 Hz, 1H).
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Figure A55. 13C NMR spectra of mixture product 4.1a+4.1a’

13C NMR (CDCls, 100MHz) 8§ (ppm): 155.5, 155.1, 95.4, 93.5, 72.8, 68.8, 68.1, 67.2, 66.6,
54.9.
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Figure A56. MS spectra of product 4.1a

GC/MS (relative intensity, 70eV) m/z: 162 (M*, <1%), 161 ([M-H]*, 6), 132 (10), 102

(100), 86 (63), 59 (38), 58 (60), 57 (30), 55 (15), 45 (44), 44 (12), 43 (42).
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Figure A57. MS spectra of product 4.1a’

GC/MS (relative intensity, 70eV) m/z: 162 (M+, <1%), 161 ([M-H]* 8), 103 (32), 86

(61), 77 (25), 73 (100), 59 (38), 58 (23), 57 (40), 45 (92), 44 (35), 43 (23).
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Figure A58. 1H NMR spectra of product 4.1b

1H NMR (CDCls, 400MHz) & (ppm): 4.38 - 4.29 (m, 1H), 4.19 - 4.15 (m, 2H), 4.08 (dd, J
=8.6, 6.4 Hz, 1H), 3.81 - 3.75 (m, 4H), 1.43 (s, 3H), 1.36 (s, 3H).

Figure A59. 13C NMR spectra of product 4.1b

13C NMR (CDCl3, 100MHz) § (ppm): 155.5, 109.8, 73.2, 67.9, 66.2, 54.9, 26.6, 25.2.
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Figure A60. MS spectra of product 4.1b

GC/MS (relative intensity, 70eV) m/z: 190 (M*, <1%), 175 (50), 101 (17), 73 (10), 72
(11),71(19),59 (31),57 (14), 43 (100), 42 (12), 41 (19).
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Figure A61. 'H NMR spectra of mixture product 4.2a+4.2a’

1H NMR (CDCls, 400MHz) 8 (ppm): 5.0 (s, 1H), 4.9 - 4.9 (m, 2H), 4.8 (d, ] = 6.2 Hz, 1H),
4.6 (m, 1H), 4.3 (qnt, 1H), 4.3 - 4.1 (m, 6H), 4.1 - 3.9 (m, 5H), 3.7 (dd, ] = 8.5, 5.4 Hz, 1H), 1.3
(dt, ] = 7.1, 3.3 Hz, 6H).

Figure A62. 13C NMR spectra of mixture product 4.2a+4.2a’

13C NMR (CDCl3, 100MHz) 6 (ppm): 154.7, 154.3,95.2,93.3,72.7, 68.4, 68.0, 66.8, 66.4,
64.1, 14.0, 13.9.
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Figure A63. MS spectra of product 4.2a

GC/MS (relative intensity, 70eV) m/z: 176 (M+,<1%), 175 ([M-H]*, 1), 116 (14), 86
(34),57 (28),55 (12), 45 (32), 44 (100), 43 (31).
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Figure A64. MS spectra of product 4.2a’

GC/MS (relative intensity, 70eV) m/z: 176 (M*, <1%), 175 ([M-H]*, 2),91 (10), 89 (11),
86 (38), 73 (57),58(21),57 (42), 45 (100), 44 (42), 43 (29).
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Figure A65. H NMR spectra of product 4.2b

1H NMR (CDCl3, 400MHz) § (ppm): 4.33 (m, 1H), 4.24 - 4.13 (m, 4H), 4.08 (dd, ] = 8.5,
6.4 Hz, 1H), 3.78 (dd, ] = 8.5, 5.8 Hz, 1H), 1.42 (s, 3H), 1.35 (s, 3H), 1.30 (t, ] = 7.1 Hz, 3H).
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Figure A66. 13C NMR spectra of product 4.2b

13C NMR (CDCl3, 100MHz) 6 (ppm): 154.7,109.6, 73.1, 67.5, 66.0, 64.0, 26.4, 25.1, 14.0.
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Figure A67. MS spectra of product 4.2b

GC/MS (relative intensity, 70eV) m/z: 204 (M+,<1%), 189 (39), 161 (31), 101 (27), 72
(12),61 (10), 59 (18),57 (25), 43 (100), 42 (10).
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Figure A68. 'H NMR spectra of product 4.5a

1H NMR (CDCls, 400MHz) 8 (ppm): 7.5 - 7.3 (m, 5H), 5.2 (s, 1H), 4.9 (d, ] = 6.2 Hz, 1H),
4.8 (d,] = 6.3 Hz, 1H), 4.7 - 4.6 (m, 1H), 4.0 (dd, ] = 12.1, 2.8 Hz, 1H), 4.0 (dd, J = 12.1, 4.3 Hz,
1H).

[g= ]

Figure A69. 13C NMR spectra of product 4.5a

1I3C NMR (CDCl3, 100MHz) 6 (ppm): 154.3, 140.8, 134.7, 128.4, 128.2, 93.4, 69.8, 68.8,
68.0.
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Figure A70. MS spectra of product 4.5a

GC/MS (relative intensity, 70eV) m/z: 238 (M*, 1%), 107 (15), 92 (10), 91(100), 77
(10),65 (17),57(10).
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Figure A71.1H NMR spectra of product 4.5a’

1H NMR (400 MHz, CDCl3) §(ppm): 7.5 - 7.3 (m, 5H), 5.2 (s, 2H), 5.0 (s, 1H), 4.9 (s, 1H),
4.3 (m, 1H), 4.3 - 4.2 (m, 2H), 4.0 (dd, ] = 8.5, 6.7 Hz, 1H), 3.7 (dd, ] = 8.5, 5.4 Hz, 1H).
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Figure A72.13C NMR spectra of product 4.5a’

13C NMR (CDCI3, 100MHz) 6 (ppm): 155.0, 135.1, 128.7,128.7, 128.5, 95.6, 73.0, 70.0,
67.4, 66.8.
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Figure A73. DQFCOSY spectra of product 4.5a’
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Figure A74. HMQC spectra of product 4.5a’
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Figure A75. HMBC spectra of product 4.5a’
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Figure A76. NOESY spectra of product 4.5a’
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Figure A77. MS spectra of product 4.5a’

GC/MS (relative intensity, 70eV) m/z: 238 (M*, <1%), 147(17), 107(17), 92 (18),
91(100), 79 (10), 77 (15), 73 (11), 65 (19), 57 (15), 45 (24).
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Figure A78. MS spectra of product 4.3a

GC/MS (relative intensity, 70eV) m/z: 206 (M*, <1%), 131 (45), 102 (18), 87 (41), 85
(44),71(11),59 (84), 58 (38),57 (65),55(11), 45 (100), 44 (68), 43 (56), 42 (11), 41 (38),
39 (17).
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Figure A79. MS spectra of product 4.3a’

GC/MS (relative intensity, 70eV) m/z: 206 (M*, <1%), 131 (46), 87 (52), 85 (69), 73
(19), 71 (12), 59 (87), 58 (18), 57 (100), 45 (86), 44 (31), 43 (56), 42 (12), 41 (38), 39 (22).
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Figure A80. MS spectra of product 4.4a

GC/MS (relative intensity, 70eV) m/z: 206 (M+, <1%), 131 (27), 87 (50), 85 (39), 73
(12),59 (71),58(70),57 (77), 45 (100), 44 (30), 43 (54), 42 (13), 41 (29), 39 (18).
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Figure A81. MS spectra of product 4.4a’

GC/MS (relative intensity, 70eV) m/z: 206 (M*, <1%), 117 (12), 88 (15), 87 (24), 75
(13), 73 (27), 72 (10), 71 (10), 59 (59), 58 (19), 57 (45), 45 (100), 44 (25), 43 39), 42 (10),

41 (21), 39 (12).
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Figure A82.1H NMR of 4.8a+4.8b

1H NMR (CDCls, 400 MHz) 8: 4.24 (td, ] = 6.2, 2.3 Hz, 4H), 2.05 (quint, ] = 6.2 Hz, 2H).

The other signals correspond to compound 4.8b (see Figure A84) and traces of DMC.
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Figure A83. 13C NMR of 4.8a+4.8b

13C NMR (CDCI3, 100 MHz) &: 155.06, 64.43, 28.20.

The other signals correspond to compound 4.8b (see Figure A85) and traces of DMC.

A50



6.APPENDIX A

e

Figure A84. 'H NMR of 4.8b

1H NMR (CDCls, 400 MHz) &: 4.30 (t, ] = 6.2 Hz, 2H), 3.79 (s, 3H), 3.74 (t, ] = 6.0 Hz, 2H),
1.92 (m, 2H)
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Figure A85. 13C NMR of 4.8b

1I3C NMR (CDCI3, 100 MHz) é: 156.21, 65.18, 59.18, 54.97, 31.82.

A51



6. APPENDIX A

A52

X
Uﬁ

4.Bb

]

Uﬁ

4.8k

i '] A

b
' Jll ]Jh "
_ | L
— @ .

41 4% 43 &b 1§ M A3

T
-i.le-uuuu||:||=.-|1:1-.-:-":‘1:.-:-uuul.||1|-1|:|:|-:-|

Figure A86. HMQC spectra of 4.8b
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Figure A87. HMBC spctra of 4.8b
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Figure A88. Mass spectra of 4.8b

GC/MS (relative intensity, 70 eV) m/z: 134 (M+*, <1); 104.00 (22); 77.00 (100); 59.00
(31); 58.00 (20); 57.00 (30); 45.00 (19); 41.10 (10).
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Figure A89. 'H NMR of 4.9a

1H NMR (CDCls, 400 MHz) &: 4.61 (m, 1H), 4.47 - 4.34 (m, 2H), 2.12 - 1.86 (m, 2H), 1.44
(d,J = 6.3 Hz, 3H).
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Figure A90. 13C NMR of 4.9a

13C NMR (CDCI3, 100 MHz) é: 149.07, 75.83, 66.99, 28.81, 21.26.

A54



6.APPENDIX A

T
-

;
| b
—I PRl T |
B [us
|
+idi
! "

k4R
i

T T ELL]
B 1028 L9 18 LT 1A LY 14 13 ]

L] r3 Ta i [ 1] 13 EE ] ‘II}| L] 13 14 14 1n L La LR ]

Figure A91. HMQC of 4.9a
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Figure A92. HMBC of 4.9a
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Figure A93. Mass spectra of 4.9a

GC/MS (relative intensity, 70 eV) m/z: 116.00 (M*, 3); 44 (25); 43 (100); 42 (78); 41
(35); 39 (16).
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Figure A94. 'H NMR of 4.9b+4.9b’

Characteristic signals are the doublets of the methyl groups 6=1.35 - 1.2 and the two

singlets of the methyl groups at almost the same 6 = 3.78.
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Figure A95. 13C NMR of 4.9b+4.9b’

13C NMR (CDClIs, 100 MHz) 8: 156.17, 156.04, 72.80, 65.48, 64.86, 58.90, 54.96, 54.87, 39.03, 38.08, 23.72,
20.47.
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Figure A96. Mass spectra of 4.11a

GC/MS (relative intensity, 70 eV) m/z: 118 (M+, <1); 88 (38); 87 (40); 86 (15); 45 (9);
44 (100); 43 (94).
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Figure A97.1H NMR of 4.11b

1H NMR (CDCls, 400 MHz) 6: 4.93 (m, 1H), 4.65 - 4.40 (t, 2H), 4.39 - 4.27 (m, 2H), 3.83
(s, 3H).
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Figure A98. 13C NMR of 4.11b

13C NMR (CDCI3, 100 MHz) &: 155.31, 154.24, 73.51, 66.15, 65.90, 55.61.
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Figure A99. Mass spectra of 4.11b

GC/MS (relative intensity, 70 eV) m/z: 176 (M+, <1); 100 (61); 90 (71); 87 (24); 86 (9);
77 (67); 59 (100); 58 (34); 57 (16); 56 (20); 55 (8); 45 (71); 44 (9); 43 (82); 42 (15).

A60



6.APPENDIX A

B KA BT i BN &0 M M &R ER % ma
11 S

Figure A100.'H NMR of 4.11c

1H NMR (CDCl3, 400 MHz) 8: 4.80 (m, 1H), 4.53 - 4.31 (m, 2H), 3.61 (m, 2H), 3.43 (s,

3H).
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Figure A101. 13C NMR of 4.11c

13C NMR (CDCI3, 100 MHz) é: 154.98, 75.05, 7

1.62, 66.32, 59.81.
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Figure A102. Mass spectra of 4.11c

GC/MS (relative intensity, 70 eV) m/z: 132 (M+, <1); 45 (100); 43 (8).
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Figure A103.1H NMR of 4.11e

GC/MS (CDCls, 400 MHz) 8: 4.40 (dd, ] = 12.1, 3.3 Hz, 1H), 4.05 (dd, ] = 12.0, 6.1 Hz, 1H),
3.83 (s, 3H), 3.27 - 3.21 (m, 1H), 2.85 (dd, ] = 4.9, 4.1 Hz, 1H), 2.67 (dd, ] = 4.9, 2.6 Hz, 1H).
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Figure A104.3C NMR of 4.11e

1I3C NMR (CDCI3, 100 MHz) é: 155.69, 68.39, 55.19, 49.18, 44.71.
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Figure A105. Mass spectra of 4.11e

GC/MS (relative intensity, 70 eV) m/z: 132 (M+, <1); 77 (16); 73 (20); 59 (100); 58
(67); 57 (23); 56 (26); 55 (8); 45 (89); 44 (7); 43 (62); 42 (12).
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