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Abstract

Bio-based platform chemicals are compounds obtainable from biomass that can be employed
as starting materials to produce chemicalintermediates, building blocks and polymers. Among
them, 5-hydroxymethyl furfural (HMF) is a key molecule, from which various other value-added
compounds can be derived via suitable chemical transformations. In particular, 5,5'-
[oxybis(methylene)]bis-2-furfural (OBMF) can be easily obtained from HMF self-etherification.
OBMF finds applications mainly in the synthesis of macrocycles and as a precursor of
polyurethanes, polyamides and polyamines.

Previous works have reported that it is possible to obtain OBMF from HMF in high yields by its
dehydration in acidic conditions, i.e., using a heterogeneous sulfonic resin and dimethyl
carbonate (DMC) as green solvent. However, this approach requires a high-purity HMF that has
to be prepared from D-fructose and thus purified via cold precipitation leading to its typical
yellow crystals. In fact, reactions performed with raw HMF (up to 90% pure) did not yield
comparable results.

From these premises, the present work aims to design a one-pot green synthetic approach for
the synthesis of OBMF from D-fructose via in-situ formation of HMF. This approach will
therefore avoid the isolation of HMF, with consequent savings in term of solvents and work-up
materials.

According to the best-found reaction conditions, OBMF could be obtained by dissolving D-
fructose in a mixture of DMC and tetraethylammonium bromide (TEAB) as solvent system, in
the presence of an acid heterogeneous sulfonic resin as a catalyst. A Dean-Stark apparatus
was necessary to remove water molecules forming both from the triple dehydration of D-
fructose and after the self-etherification of HMF, thus promoting the thermodynamics of the
process. These reaction conditions allowed the isolation of OBMF for the first time directly from
D-fructose in ca 30 % yield. The latter result is an encouraging starting point to further optimize
this synthesis procedure that avoids time-consuming and waste-producing purification

procedures following the indication of the green principles.



1. Introduction

1.1. Green Chemistry

1.1.1. Historical introduction and legislation

Since their appearance humans have exploited Earth resources with a peak in their extraction
and use that started during the XVIII century Industrial Revolution up to the present day. Until
the 1950s, people believed in the environment's almost infinite ability to degrade the
substances introduced into it. Over time, however, they realized that this was not the case and
thatthese substances were accumulating in ecosystems and organisms, causing harm to living

beings and the environment.

Environmental concern arose because of numerous disasters and diseases linked to poor
waste management, a lack of understanding chemical toxicity and fate of chemicals once
released. The case of [tai-Itai syndrome, which causes kidney failure and bone softening,
exemplifies the dangers of insufficient knowledge about the effects of chemical substances. In
1912 the first cases of [tai-Itai disease was discovered in Japan's Toyama Prefecture. At the
time, it was believed to be an endemic disease caused by local bacteria. It wasn't until 1956
that it was suggested the disease was caused by chronic cadmium exposure, released as a by-

product of precious metal mining into the Jinzi River by mining companies.’

The case of Minamata also illustrates how limited knowledge of the fate of chemical
substances canimpact human health and the environment. In 1956, the first case of Minamata
syndrome was detected in Japan's Kumamoto Prefecture, with symptoms including speech
impairment and bilateral constriction of the visual fields. The disease was caused by
methylmercury poisoning; Chisso Corporation had in fact released large amounts of industrial
wastewater containing methylmercury, which biomagnified through the trophic chain,
bioaccumulating in shellfish and fish. When consumed, these contaminated seafoods

exposed people to toxic or lethal doses of methylmercury.?

Few years later, in the 1960s, Rachel Carson’s book Silent Spring shed light on the hazards of
pesticides such as of the DichloroDiphenylTrichloroethane, commonly known as DDT, its
byproducts and chlorinated cyclodienes. Silent Spring sparked a significant movement in the

United States, initiating a national conversation about environmental protection. In 1970, the



then-President Richard Nixon established the Environmental Protection Agency (EPA), tasked
with addressing environmental protection issues such as researching major pollutants and
their impact on the environment, monitoring environmental conditions, and establishing and

enforcing quality standards.?
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Figure 1 - Events and chemical disasters leading to the 12 Principles of Green Chemistry.

In 1976, the Seveso disaster occurred in Italy, involving the explosion of a chemical plant that
exposed residential populations to 2,3,7,8-TetraChloroDibenzo-p-Dioxin (TCDD), a molecule
well known for its toxicity, that can cause acute skin irritation and chloracne.* This event led
the European Commission to enact the Directive 96/82/EC on the control of major-accident
hazards involving dangerous substances. Also known as the Seveso Directive, this European
Union regulation concerns the control of major-accident hazards involving certain dangerous
substances. It was adopted on December 9, 1996, and aims to prevent and mitigate the
consequences of accidents that may occurin industrial plants that use or store large quantities

of hazardous substances.®

In the 1980s the growing environmental concerns led to an international initiative: the World
Commission on Environment and Development (WCED), also known as the Brundtland
Commission, was established by the United Nations General Assembly (1983). Its objective
was to propose long-term environmental strategies for achieving sustainable development by
the year 2000 and beyond. In 1987, the Brundtland Report, titled "Our Common Future," was

published, introducing the definition of sustainable development as "development that meets



the needs of the present without compromising the ability of future generations to meet their
own needs".®’

The U.S. Pollution Prevention Act of 1990 also marked a significant turning point in
environmental awareness, emphasizing the urgent need for pollution prevention. This
legislation highlighted the idea that preventing waste at its source is not only beneficial for the
environment, but also enhances economic competitiveness by avoiding the expenses
associated with waste treatment, thereby enabling a more efficient use of raw materials. This
shift in focus prompted a fundamental change in the US EPA approach to environmental
protection, moving from waste remediation to waste prevention.® This evolution led to the
introduction of the concept of Green Chemistry at the EPA in the early 1990s°® defined as the
“design of chemical products and processes to reduce or eliminate the use and generation of
hazardous substances.”'° Since then, the concept has gained global traction, inspiring the
development of hundreds of programs and governmental initiatives focused on Green

Chemistry worldwide, with pioneering efforts emerging in the U.S., United Kingdom, and Italy.°

At the beginning, the term “Green Chemistry” was not widely adopted, but thanks to initiatives
led by the US EPA, Green Chemistry soon became the global standard term for the “design of
chemical processes and products aimed at reducing or, ideally, eliminating waste and avoiding
the use of toxic or hazardous substances™.®

The key aspect of Green Chemistry is the concept of design, which involves striving to produce
non-hazardous substances right from their productions, using sustainable approaches. The
Green Chemistry approach is guided by twelve principles that serve as "design rules" to help
chemists achieve the international goal of sustainability™ initially set by the United Nations in
Agenda 21 during the Rio Earth Summit in 1992"" and later updated in 2016 with the Agenda
2030 and its 17 Sustainable Development Goals (SDGs).'? The timeline leading to this adopted

Agenda are reported in Fig. 1.

1.1.2. The Twelve Principles

The twelve principles of Green Chemistry, introduced by Paul Anastas and John Warnerin 1998,
provide a comprehensive framework for designing new chemical products and syntheses,
covering numerous aspects of the process life cycle including the selection of raw materials,
the efficiency and safety of transformations as well as the toxicity and biodegradability of

products and reagents.®



Prevention: Preventing waste is preferable to treating or cleaning up waste after it has
been created. In 1992, Roger Sheldon introduced the concept now known as the E-
Factor (Environmental Impact Factor), a metric that quantifies the waste generated per
kilogram of product. This measure assesses the "environmental acceptability" of a
manufacturing process and highlights the inefficiencies in certain industrial processes,
encouraging innovative solutions. By adopting an industrial ecology approach, waste

can become a valuable raw material for another process, re-entering the life cycle.

. Atom Economy: Chemical synthesis should be designed to incorporate the maximum
amount of all starting materials into the final product. This concept emphasizes the
efficient use of raw materials, ensuring that the final product contains the maximum
number of atoms from the reactants.’® Examples of high atom economy processes

include catalytic hydrogenation, oxidation, carbonylation, and hydroformylation.®

Less Hazardous Chemical Synthesis: Synthetic methodologies should be designed,
whenever possible, to use and produce substances with little to no toxicity, ensuring

minimal risk to human health and the environment.

Designing Safer Chemicals: Chemical products should be designed to maintain their

functional efficacy while minimizing toxicity.

. Safer Solvents and Auxiliaries: The use of auxiliary substances (e.g., solvents,
separation agents) should be avoided whenever possible and when they are necessary,
they should be non-hazardous. Solvents are a major focus in Green Chemistry, as they
often contribute significantly to waste in chemical processes and many conventional
solvents are toxic, flammable, or corrosive. Alternatives include solventless systems,
water, supercritical fluids (SCF), and ionic liquids, all of which represent possible

"green" solutions.

Design for Energy Efficiency: The energy requirements of chemical processes should
be minimized due to their environmental and economic impacts. Whenever possible,

synthetic methods should be conducted at ambient temperature and pressure.

Use of Renewable Feedstocks: Raw materials or feedstocks should be renewable

rather than depleting, whenever technically and economically feasible. Currently, most



manufacturing products are derived from petroleum or natural gas. Shifting towards
renewable feedstocks, such as biomass from living organisms (e.g., wood, crops,

agricultural residues), has become increasingly urgent.

8. Reduce Derivatives: Unnecessary derivatization (such as using blocking groups,
temporary modifications of physical/chemical processes or protection/deprotection)
should be minimized or avoided. These steps often require additional reagents and

generate waste.

9. Catalysis: Catalysts, which are more selective, are preferred over stoichiometric
amount of bases or acids. Catalysis improves reaction efficiency by reducing the energy
required, avoiding the use of large quantities of reagents, and increasing product
selectivity. This results in less energy consumption, reduced feedstock usage, and

decreased waste.

10. Design for Degradation: Chemical products should be designed to break down into
harmless degradation products at the end of their function, ensuring they do not persist

in the environment.

11. Real-Time Analysis for Pollution Prevention: Analytical methodologies should be
developed to enable real-time, in-process monitoring and control, preventing the

formation of hazardous substances.

12. Inherently Safer Chemistry for Accident Prevention: Substances and their forms
used in chemical processes should be selected to minimize the risk of chemical

accidents, including releases, explosions, and fires.™

The main points of the Green Chemistry framework can be summarized as follows: designs
across all stages of the chemical life cycle, focuses on reducing the intrinsic hazards of
chemical products and processes by addressing their inherent nature, and operates as a

cohesive system of principles or design criteria.®

1.1.3. Green Metrics
A way to quantitatively evaluate the various aspects of a chemical process in relation to the

principles of green chemistry is represented by the so-called Green Metrics. These metrics



enable the assessment of a process’s performance by quantifying its overall efficiency and
environmental impact.'™

The most popular and simplest green metrics are Atom Economy (AE) and E-Factor.

AE is the ratio of the molecular weight of the product to the total mass of the reactants,
multiplied by 100. It is a theoretical value based on the assumption that exact stoichiometric
amounts of starting materials are used and that the chemicalyield is ideal, ighoring substances
such as solvents and auxiliary chemicals that are not included in the stoichiometric equation
(Tab. 1). The main advantage of AE is its applicability without the need for experimental data.
This makes it a highly useful tool for swiftly predicting and assessing the potential waste
generated by various synthetic routes to a target molecule.®

The E- Factor is defined as the mass ratio of waste to the desired product (Tab. 1). It emerged in
1992 after Sheldon and his colleagues conducted an inventory of the waste generated per
kilogram of product in chemical manufacturing processes across various industry sectors,

publishing the relative table (Tab. 1).

Table 1 - Mass-based Green Metrics. Kg/kg ratio metrics on the left; percentage metrics on the right. °

E factor
Total mass of waste

~ Mass of final product

Atom Economy
Mol wt of product x 100
Total mass of reactant

AE(%) =

Process Mass Intensity
Total mass in process (incl.water)

Mass of product

Waste Water Intensity
Mass of process water

WWI =
Mass of product
Solvent Intensity
Mass of solvents
SI =

"~ Mass of Products

Reaction Mass Efficiency

Mass of product x 100
RME (%) =

Total mass of reactants

Mass Productivity
Mass of product x 100

MP(%) =
(%) Total mass (incl. solvents)
Effective Mass Yield
EMY (%) = Mass of products
(%) = Mass of hazardous reactants
Carbon Economy
Carbon in product x 100
CE(%) =

Total carbon in reactants



Table 2 - E-Factor per industrial sector. °

E-Factor
Industry Sector | Tonnage
(kg waste/kg product)
Oil refining | 108-108 <0.1
Bulk chemicals | 10*-10°¢ <1-5
Fine chemicals | 10%-10* 510 >50
Pharmaceuticals | 10-10° 251t0>100

Table 2 shows that the oil refining industry has the lowest E-Factor. This is because the
chemical processes involved, developed during the last century, are extremely effective and
produce minimal waste. On the other hand, the pharmaceutical sector has the highest E-
Factor due to the large volume of waste produced and solvents used in the synthesis and
purification of active pharmaceutical ingredients (APIs). This high E-Factor is considered
acceptable because the actual tonnage of APls produced is significantly lower than the
tonnage of chemicals produced in other sectors, resulting in relatively minor overall waste.
Unlike the AE, the E-Factor accounts for all waste produced during the process, including
auxiliary components such as solvents and chemicals used in workup. Furthermore, the E-
Factor can be applied to a multistep synthesis allowing for the assessment of the entire
process, whereas AE is applied only to individual steps.®

Several alternative mass-based metrics have been proposed to assess the greenness of
processes. These metrics can be categorized into two groups: those that represent a
percentage of the ideal, similarto AE, and those that use a kg/kg ratio, analogous to the E-Factor

(Tab 1).°

However, it should be mentioned that to evaluate the sustainability of a reaction, it is not
sufficient to consider just one metric, such as the E-factor or Atom Economy. For this reason,
Andraos and Sayed, in 2007, published a spreadsheet template designed to calculate five

metrics that allow to have a more complete vision of the greenness of a reaction™.
The metrics considered are:

e theyield of the reaction (€), which is the amount of product obtained compared to
the theoretical maximum based on the quantities of the starting materials,

e the atom economy (AE),



e the stoichiometric factor (SF), which represents the proportion of reactants relative
to the balanced chemical equation,

e the material recovery factor (MRP), which reflects the ability to recover materials,
such as catalysts and solvents, from the reaction,

e thereaction mass efficiency (RME).

These metrics are connected by equation (1) as reported below
RME = sAELMRP (1)
(SF)
The spreadsheet allows the input of the data related to reagents, catalysts, solvents, and all
materials used during the chemical process, making calculations more efficient. The results
are displayed as a radial pentagon (Fig. 2), with each axis representing one of the metrics used

to calculate RME. 4%

—— complete reclaiming  —/\— partial reclaiming

—— no reclaiming —O— ideal

MRP

Figure 2 - Radial pentagon for the synthesis of diphenylmethanol under different conditions. ™

Each axis, representing a different parameter, extends from zero at the centre to the maximum
value of one at the outer edge; with one indicating the ideal green scenario and zero
representing the least green outcome. The closer a reaction's performance is to zero, the more

the resulting pentagon is distorted towards the centre. These diagrams can be used to visually
10



compare the relative mass efficiency of various reaction classes, helping operators to identify
which reactions are inherently more sustainable. The extent of the pentagon's distortion from
its ideal regular shape directly highlights which parameters are responsible for the inefficiency.
As a result, these diagrams guide operators on how to adjust their procedures to make them

greener. ™

1.1.4. Green Solvents

Solvents play a crucial role in chemical synthesis, serving as the medium for reactions and as
agents for extracting and purifying products. However, many organic solvents are known to
pose significant health and environmental risks.

Solvents account for at least half of the materials used in a chemical process. Consequently,
reducing their quantity and choosing the most environmentally friendly options are key
strategies for reducing the environmental impact of chemical synthesis.

The Innovative Medicines Initiative (IMI)-CHEM21 is a European public-private partnership
aimed at advancing sustainable chemical and biological processes. This consortium includes
pharmaceutical companies from the European Federation of Pharmaceutical Industries and
Associations (EFPIA), as well as universities and small to medium-sized enterprises. CHEM21
not only funds research projects focused on sustainable practices but also offers training
programs to integrate these principles into the education of future scientists, ensuring a lasting

impact on the industry. '®

CHEM21 developed a solvent guide that evaluates and ranks solvents based on their
environmental impact, categorizing them into four groups: recommended, problematic,

hazardous, and highly hazardous.

¢ Recommended (or preferred): These solvents should be the first choice in any
screening process, provided there are no chemical incompatibilities with the reaction

conditions.

« Problematic: These solvents may be used in laboratory or small-scale (Kilolab) settings.
However, scaling up to pilot plant or production levels requires careful measures or

significant energy inputs.

e Hazardous: These solvents face strict limitations during scale-up, making their

replacement a priority during process development.
11



e Highly hazardous: These solvents should be avoided entirely, even at the laboratory

level.®

Table 3 shows the rankings of several common and uncommon solvents, including those used
in this thesis work.

Safety scores are assigned based on flammability, with fire hazard determined by a
combination of the boiling point and flash point, as stated in the Classification, Labelling &
Packaging (CLP) regulation integrated with the European Community, the Global Harmonized
System (GHS). Additional considerations include whether the solvent has a low auto-ignition
temperature, accumulates electrostatic charges, or easily forms explosive peroxides.

The health scoring system is desighed to assess occupational hazards. Ideally, this would
involve correlating the scores with occupational exposure limits set by regulatory authorities or
agencies. However, these limits are typically available only for the most used solvents or
reagents. Additionally, threshold limit values are not standardized, even within Europe. The
scores are based on the hazard statements of the GHS/CLP system to simplify the analysis,
considering factors such as CMR (carcinogenicity, mutagenicity, or reproductive toxicity), STOT
(specific target organ toxicity), acute toxicity, and induced irritation.

The environmental impact scoring system includes criteria related to environmental concerns,
such as ozone layer depletion, bioaccumulation, volatility, recyclability, and acute ecotoxicity.
The lowest score, one, is assigned to water, while the highest score, ten, is given to solvents that
are hazardous to the ozone layer. The boiling point is a key factor in determining the
environmental impact of a solvent: a low boiling point leads to the generation of Volatile
Organic Compounds (VOCs), whereas a high boiling point indicates that the solvent is less

recyclable. The optimal temperature range has been established between 70 and 139 °C. ¢

12



Table 3 - Ranking of some common and uncommon solvents.®

Solvents Safety ‘ Health ‘ Environment Ranking by
default

p-Cymene 4 Problematic
Turpentine Problematic
Limonene Problematic
Ethanol
n-Butanol
iso-Butanol
PEG-400 Problematic
PPG-425 Problematic
Glycerol Problematic
1,3-Propanediol Problematic
Acetone Problematic
2-Butanone

isoamyl alcohol

Ethyl Acetate

Butyl Acetate

Diethyl succinate
y-Valerolactone
FAMEs (methyl oleate)
Glycol diacetate
Isoamyl acetate
Dibutyl succinate
2-Methyl-THF

ETBE

TAME

TBME

CPME
Dimethylisosorbide
1,2,3-trimethoxy-propane

Dimethyl carbonate

Ethylene carbonate
Propylene carbonate
Dimethylethylene urea
Dimethylpropylene urea
Cyrene

Sulpholane

Ethyl lactate
Tetrahydrofurfuryl alcohol
Lactic acid

Tetraethylammonium

13

Problematic
Problematic
Problematic

Problematic
Problematic
Problematic

Problematic
Problematic
Problematic

Problematic
Problematic
Problematic
Problematic
Problematic

Problematic
Problematic
Problematic

Problematic




1.1.4.1. Dimethyl carbonate (DMC)
Inthe research group where the present thesis work was developed, dimethyl carbonate (DMC)

is extensively investigated as green solvent, and reagent (Fig. 3). DMC has gained significant
attention as a valuable and environmentally friendly platform chemical and solvent. It is highly
regarded for its safety, health, and environmental properties, ranking it among the
"recommended" green solvents according to solvent selection guides (Tab. 3). DMC serves as
an eco-friendly alternative to toxic and hazardous substances like dimethyl sulphate and
halohydrocarbons in methylation reactions, as well as phosgene (COCL,) in

carboxymethylation (methoxycarbonylation) reactions. "’

O

HBC\O O/CHB

Figure 3 - Dimethyl carbonate chemical structure.

Classified as a flammable, transparent liquid, DMC does not exhibit irritating or mutagenic
effects through contact or inhalation. As a nonpolar aprotic solvent, DMC is fully miscible with
other organic solvents and exhibits good solubility in water being able to form azeotropes with
it. From an environmental perspective, DMC is highly biodegradable, with over 90% degradation
within 28 days. Itis also non-toxic and non-corrosive to metals, further confirming its status as

a green and sustainable chemical choice. "’

1.1.5. Future Perspectives in green chemistry

The chemical industry today largely operates within a linear framework (Fig. 4), where raw
materials, primarily derived from finite fossil resources, are processed through production
chains dependent on highly reactive reagents. While these reagents are effective in driving
chemical reactions, they often possess unintended, harmful properties, such as persistence in
the environment or toxicity. Despite numerous examples highlighting the limitations of this
reductionist approach, we continue to rely on it to tackle sustainability issues. This is evident
in our tendency to focus on isolated metrics, like greenhouse gas emissions or water usage,

rather than addressing sustainability as a complex, interconnected challenge.

14



To truly address sustainability, we must move beyond this fragmented perspective and consider
systems in their entirety. This holistic approach is crucial for identifying solutions that avoid
merely shifting impacts or creating new problems elsewhere. Therefore, the traditional
reductionist methodology must be integrated with systems thinking to guide the design of a
sustainable future. The chemical products of tomorrow should be engineered not only to
maintain their functional effectiveness but also to minimize or eliminate hazards, ensuring they

are non-depleting, non-toxic, and non-persistent. ®

Today's chemical sector Tomorrow's chemical sector

By-products “waste design”

Resource Production Use End of life Production

generation | | |
4 > 4 ]
oy ! Resource .
Fossil ; : generation End of life
resources \,
A oo Landfill, incineration, Renewable
Renewable environment resources
resources

Mostly linear processes === Circular processes
Fossil feedstocks ==+ Renewable feedstocks

Reactive, persistent, or toxic chemical reagents == Benign chemical reagents and products
and products

Catalysis using rare metals === Catalysis using abundant metals, enzymes, photons, or electrons
Covalent bonds ==+ Weak, noncovalent interactions

Conventional solvents === Low toxicity, recyclable, inert, abundant, easily separable
green solvents or solventless

Material- and energy-consuming isolation = Self-separating systems
and purification

Large “waste” volume === Atom-, step- and solvent-economical processes
“Waste" treatment === “Waste" utilization

Design exclusively for use phase with reliance on==Intentional molecule design for full life cycle
circumstantial control

Performance = maximize function === Performance = maximize function + minimize hazards

Maximum chemical production for increased profit ==+Maximum performance with minimal benign material use
for increased profit

Figure 4 - Today's linear chemical sector, on the left, vs Tomorrow's circular chemical sector, on the
right.’®

1.2. Biorefinery
The production of chemicals, materials and energy heavily relies on fossil fuels, which are
becoming increasingly expensive due to their dwindling supply. In response, various

alternatives, including the concept of biorefinery, are being explored to develop different

15



methods for generating energy and chemical products with a reduced environmental footprint.
Biorefinery involves the conversion of biomass into a range products such as biofuels
(bioethanol, biomethane, and biodiesel) bio-based chemicals (succinic acid and polylactic
acid), as well as in the generation of heat and power. This approach presents a promising
alternative to traditional petroleum refineries, offering a pathway to reduce fossil fuel
dependence across different industrial sectors.™

Within the framework of the International Energy Agency (IEA) Bioenergy Task 42, titled
“Biorefining in a Circular Economy,” a systematic classification method has been established
for biorefinery systems. This classification is based on four key criteria that together provide a

comprehensive description of biorefinery systems:

1. Platforms: These are core intermediates, such as C5-C6 carbohydrates, syngas, lignin,

and pyrolytic liquids.
2. Products: These include energy carriers, chemicals, and material products.

3. Feedstock: This refers to biomass sourced from dedicated production or residues from
forestry, agriculture, aquaculture, other industrial activities, and domestic waste, as

well as CO..

4. Processes: This encompasses the various methods used in biorefining, including

thermochemical, chemical, biochemical, and mechanical processes.

1.2.1. Petro-refinery VS Biorefinery

The fundamental distinction between a petroleum refinery and a biorefinery lies in the type of
raw material used as feedstock. Figure 5 provides a comparison of the feedstocks utilized in
both processes. Petroleum refineries rely on crude oil, which is primarily composed of
hydrocarbons and contains minimal oxygen. In contrast, biorefineries utilize biomass as
feedstock, which is characterized by smaller hydrocarbon molecules with a significantly higher
oxygen content and a lower carbon fraction compared to crude oil.?°

The high oxygen contentin biomass reduces the energy density of the molecules and increases
their polarity, making it challenging to blend biomass-derived products with fossil fuels. This
difference is particularly important when considering the cost efficiency and energy demands
of petroleum refining processes. Additionally, the composition of biomass varies depending on

its source, which complicates the production of a consistent range of products compared to
16



those derived from petroleum. This variability in biomass composition necessitates a broad
array of processing technologies, adding to the complexity of biorefinery operations.?°

Moreover, biorefineries must be equipped to handle these substantial variations in feedstock
composition. Unlike petroleum refineries, which have a steady year-round supply of feedstock,
biorefineries often rely on seasonal biomass sources, particularly for first- and second-
generation biofuels. As a result, biorefineries must operate efficiently within a limited seasonal

window, whereas petroleum refineries benefit from continuous operation throughout the

year.?

Biorefinery Petroleum Refinery

* Highly varying composition * Rather constant composition
* High oxvgen content * Hydrocarbons

* Low sulfur content ¢ Moderate sulfur content

* Low density (high volume) * High density

* Lignocellulosics are low cost, oil is expensive * High cost

Figure 5- Biorefinery vs Petro Refinery.?°

1.2.2. Bio-based Platform Chemicals

Bio-based platform chemicals hold the most significance within the IEA classification system.
They serve as crucial intermediates that bridge the gap between raw materials and the final
products, allowing for the integration of different biorefinery concepts with specific market
needs. These platforms vary from single-carbon molecules like biogas and syngas to complex
mixtures such as the 5- and 6-carbon carbohydrate streams derived from hemicellulose,
starch, sucrose, or cellulose, as well as lignin, plant-based or algal oils, organic extracts from
grasses, and pyrolytic liquids.?' These platforms can generate a wide number of derivatives
produced at a competitive cost and be transformed into an array of marketable products
through various combinations of thermal, biological, and chemical processes.?"?? In Figure 6
some examples of bio-based platform chemicals are reported. Particularly, this thesis work
focuses on two different biobased platform chemicals, 5-hydroxymethylfurfural (HMF) and

5,5'-[oxybis(methylene)]bis-2-furfural (OBMF).
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Figure 6 - Examples of bio-based platform chemicals.?

1.2.3. 5-Hydroxymethylfurfural (HMF)

HMEF, first reported in 1895, is a bio-based platform chemical since it can be employed as a
precursor for fine chemicals, polymers, pesticides, pharmaceuticals, surfactants and
biofuels.?*?® Itis derived from biomass, typically produced by dehydrating C-6 sugars, but also
complex carbohydrates like oligo- and polysaccharides.?” A well-known method for obtaining
HMF is from D-glucose, a fundamental building block of various biopolymers such as cellulose,
starch, and glycogen. Cellulose, in particular, is composed of D-glucose units linked by
glycosidic bonds and is abundantin plant biomass, making it a significant source of this sugar.?®
The process leading to HMF involves the hydrolysis of biomass to obtain D-glucose, a
subsequentisomerization to D-fructose and its successive triple dehydration to HMF (Scheme
1).2# Since the synthesis from D-fructose only involves dehydration and gives a better yield, itis

often preferred as starting material.?®
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Scheme 1 - Process involved in the transformation of cellulose to HMF.

HMF contains an aldehyde group at the C2 position, a hydroxymethyl group at the C5 position,
and a reactive furan ring, which allows for various functionalization and chemical

transformations (Fig. 7). %’

Reaction on the furan ring:
Ring opening/rearrangement
Singlet oxygen oxidation
Diels Alder reaction

Reaction on the OH group:

- Formation of C-Xbond o - Formation of C-C, C=C and C=C
Forma?|onl of ethers and acetals Ho/\@/ - Oxidative transformations
Esterification - Formation of C-N and C=N bonds

Ammination

HMF - Constructions of rings
Constructions of C-C(Ar) bond &

Figure 7 - Reactivity of HMF.?”

From HMF it is possible to obtain many derivatives (Scheme 2), for examples: HMF oxidation

can yield diformylfuran (DFF), which is used in the production of furan-based chemicals and
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functional materials, such as fluorescent materials, vitrimers, and surfactants.*® Another
important product of HMF oxidation is 2,5-furandicarboxylic acid (FDCA), a monomer used to
produce polyethylene furandicarboxylate (PEF), a renewable polymer and a viable alternative
to the petroleum-derived polyethylene terephthalate (PET) for packaging applications.?* HMF
reduction leads to bis(hydroxymethyl)furan (BHMF), a bio-fuel precursor.®’ Through HMF
etherification various products can be obtained such as 5-ethoxymethylfurfural (EMF), serving
as an intermediate in the synthesis of ethyl levulinates? and 5,5'-[oxybis(methylene)]bis-2-
furfural (OBMF) an emerging bio-based platform chemical that is the focus of this thesis work.
Additionally, hydrogenation of HMF produces dimethylfuran (DMF), employable as fuel
additive.?* Recently, also the synthesis of nitrogen-based HMF derivatives has been

investigated, but further research is needed.??

HO O
a
OH \
2,5- Bis(hydroxymethyl)furan 2,5-Dimethylfuran
i
0O,
o HO
o \

o

HO ‘ / ‘______.-- HMF "'--..____* \/[_wo
OH ~° 0

2,5-Furandicarboxylic acid
Y / 5-Ethoxymethylfurfural

1 N i

N K@/\’\@)
0 Z°

2,5 - Diformylfuran 5,5'-(oxybis{methylene))bis-2-furfural

Scheme 2- HMF derivatives.

It should be mentioned that HMF also presents some challenges such as its hydrophilic and
polar nature that hinders its recovery from aqueous media, and its rapid degradation due to the
formation of dimers and oligomers called humins during storage. The latter issue has been

partially addressed by adding a small amount of stabilizer. 26
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1.2.4.5,5'-[Oxybis(methylene)]bis-2-furfural (OBMF)

The typical dehydration conditions used in HMF synthesis led to various secondary reactions,
including esterification, (self-)etherification, acetalization, aldol condensation and humin
formation. Among these by-products, 5,5'-[oxybis(methylene)]bis-2-furfural (OBMF) (Fig. 8)
stands out as an intriguing compound, as it is observed both during HMF synthesis and as a
result of its spontaneous degradation. Although the first synthetic methods for OBMF were
developed at the end of the 20" century, it has been rarely mentioned in the literature. In the
recent years interest in OBMF has grown significantly, particularly due to its application in the
preparation of hepatitis antiviral precursors,®® in the synthesis of macrocycles (such as 16-

crown-6) and as a precursor for polyurethanes, polyamides, and polyamines. 28
o) (0]
\ o o o |
\ / \ /
Figure 8 - OBMF structure.

The synthesis of OBMF can follow two different routes: the first involves the etherification of
two HMF molecules catalysed by acid compounds in an organic solvent, while the second
involves the Williamson reaction between an HMF molecule and 5-chloromethyl-2-furfural with

an excess of base (Scheme 3).33

0 0]
0 I o] I
HO \ / + HO \ /

b
KA
HMF \q‘

OBMF

‘30‘\
; >
(9] (0]

5-Chloromethyl-2-furfural

Scheme 3 - Etherification of HMF to OBMF with acid catalyst (top) and Williamson reaction with base
excess (bottom).*
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Further derivatization of OBMF has also been recently reported. As an example, OBMF can be
used as starting material to achieve various potential monomers for polymers. In this view,
nitrile derivatives were obtained by converting OBMF into OBMF-oxime (Scheme 4A) and then

operating a dehydration to form OBMF-nitrile (Scheme 4B).

NH,OH*HCI, Base

Solvent
OBMF OBMF-oxime
Cu(OAc),*H,0
HONg\Cr\o/\(\_O/?ANOH : o > N\\\C’J/\ /\<i7/:N
B \ / .
) CH,CN \ /, 0 \ /
OBMF-oxime OBMF-nitrile

Scheme 4-A) OBMF-oxime synthesis; B) OBMF-oxime dehydration.

Additionally, other OBMF derivatives can be obtained through the Knoevenagel condensation.
In this reaction, an Activated Methylene Group (AMG) is reacted with the carbonyl group of
OBMF in the presence of acetic acid and a base. Depending on the AMG used, different

derivatives can be produced (Scheme 5).

/ 0 o o o]
HQ’L(WO"WQ»
W I
N N

OBMF-Me-cyanoacetate

Nz A - =N
WDW
W 1
N N

(o]
\ R oI AMG, base, aceticacid OBMF-Malononitrile
\W/ \
! DMC PhO,S R - SO,Ph
OBMF 2 ‘(‘@Aﬂm .
W 1
N N

OBMF-(PhS0;)acetonitrile

[o] o o ]
o0 0=g
\ !
OBMF-Dimethyl malonate

Scheme 5- Knoevenagel condensation of OBMF.
22




2. Background and objectives

The objective of this thesis is to develop a one-pot green synthesis for 5,5'-
[oxybis(methylene)]bis-2-furfural (OBMF). OBMF has long been regarded as a byproduct of 5-
hydroxymethylfurfural (HMF), but in recent years, it has been reconsidered as a valuable
molecule. Currently, its synthesis is achievable through a two-step process: first, the triple
dehydration of D-fructose using a Brgnsted acid catalyst which, after purification, yields 45%
of pure HMF crystals (Scheme 6A)** and second, the self-etherification of pure HMF, using a
Lewis acid catalyst, leading to the formation of OBMF with an isolated yield of 81% (Scheme
6B). Reactions performed with raw HMF in the form of a brown oil did not yield comparable
results. 2 The overall yield from this two-steps process is 35%. With these premises, this thesis
work aims to develop a one-pot direct synthesis of OBMF from D-fructose with a similar or
better yield compared to the two-steps process while drastically lowering the amount of
solvent required for purification and work-up. Finally, the sustainability of the developed
process will be assessed using green metrics, and the results will be compared with those of

the two-steps process.

OH O 0
OH Purolite CT275DR (0] I
A) HO” > HO ®
SH OH DMC/TEAB
D-fructose HMF
; : ?
o Fe,(50,); (9] (@)
% W ~ X\ ° \/
DMC
HMF
OBMF

Scheme 6 - A) D-fructose dehydration to HMF; B) HMF self-etherification to OBMF.
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3. Results and Discussion

3.1. OBMF one-pot synthesis — reaction optimization

In afirstinstance, several reactions were conducted to determine the best catalyst for the one-
pot conversion of D-fructose to OBMF. According to previous literature works,?®34 acidic
sulfonic resins and in particular Amberlysts and Purolites have been shown to be effective in
both the dehydration of D-fructose to HMF (selectivity and yield of ca 98% and 70%,
respectively) and in the self-etherification of HMF to OBMF, (selectivity up to 94%; yield up to
73%). In addition, the Lewis acid Fe,(SO,), displayed an excellent performance in the selective
self-etherification of HMF to OBMF, with 81% yield .

In particular, iron (lll) sulfate is a greyish-white powder or a yellow crystalline solid and it finds
applications for water purification, and as a soil conditioner. It consists of two ferric (Fe**) and
three sulphate (8042‘) ions (Fig. 9). The Fe** ions are strongly acidic, meaning they readily
accept electrons, making ferric sulphate a strong Lewis acid.® It must be also mentioned that
the sulphate ions may also react with water molecules generated during HMF self-
etherification to form diluted sulfuric acid (H.SO,) which could contribute to promote the

reaction.3%7

o
Il
o 'o—?=0
I :
o Fe¥ 'o—ﬁ—o- Fre3* O
|
o=ﬁ—o- O
o

Figure 9 - Fe3(SQO,); appearance and chemical structure.

Purolite CT269 is a heterogeneous catalyst that appears in the form of spherical beads with a
polymeric structure composed of macroporous polystyrene crosslinked with divinylbenzene,
with sulfonic acid as the functional group (Fig. 10).%® The functional group works as Brgnsted

acid.
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Figure 10- Purolite appearance and sulfonic acid functional group.

In order to identify the best catalytic system, a literature screening of D-fructose dehydration to
HMF and HMF self-etherification reactions to OBMF using acidic heterogeneous catalysts, was
performed. Results on HMF synthesis were reported in Table 4, while trials on OBMF production

were listed in Table 5.

Table 4 - Comparison of different heterogeneous acid catalyst in the synthesis of HMF.?

OH O 0 (0] (o)

OH Acyd catalyst o | | (o] (o) J
HO” Y > HO \ / + \ / 0 \ /

6H OH DMC/TEAB
OBMF
D-fructose HMF (byproduct)
H-NMR Selectivity (%)

# Acid Catalyst HMF OBMF Yield (%)
1 Amberlyst-15 98 2 64
2 Purolite CT151 94 6 66
3 Purolite CT269 97 3 67
4 Purolite CT275 96 4 63
5P Fez(SO4)3 93 7 65

2Reaction conditions: 3.75 g of D-fructose dissolved in 30 mL of DMC/TEAB (20%wt.), heterogeneous acid catalyst
(10% wt) in autoclave at 110 °C for 2h under the generated autogenous pressure;
PReaction conditions: 6.00 g of D-fructose dissolved in 25mL of DMC/TEAB (20%wt.), heterogeneous acid catalyst
(10% wt) in autoclave at 110 °C for 2h under the generated autogenous pressure.

From the screening tests listed in Table 4 and 5, Fe,(SO,); and CT269 showed the best results

for both the transformations, therefore they were selected for subsequent investigations.
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Table 5 - Self-etherification of HMF in presence of different catalyst.?

(0] '0 d catal Ol |0
Hov Acyd catalyst . \OI o \OI
DMC
HMF
OBMF
"H-NMR Selectivity (%)
#° Acid catalyst Conversion (%) OBMF Others OBMF Yield (%)®
1 Amberlyst-15° 89 92 8¢ 72
Purolite CT151°¢ 90 79 21¢ 38

3 Purolite CT269° 97 94 6¢ 73
4 Purolite CT275°¢ 87 92 8¢ 49
5° Fex(SO4)s° 100 100 0 81

aReaction conditions: 0.15 g of HMF in 5mL of DMC in presence of 25% mol or wt. of acid at 95 °C for 24h; "Isolated
yield; °Dried in oven at 100 °C; “HMF-Me;

In light of these results, the one-pot synthesis of OBMF was carried out starting from 1.00 g of
D-fructose, 10% wt. of tetraethylammonium bromide (TEAB), 25 mL of DMC and 35% wt. of the
selected catalyst in a round bottom flask connected to a Dean-Stark apparatus filled with
molecular sieves, along with a condenser. In addition, a nitrogen flow was applied (Fig. 12,
Table 6).

TEAB is a compound constituted by a bromide anion and a tetraethylammonium cation (Fig.
11). According to the solvent selection guide (Tab. 3), TEAB shows favourable results in terms
of environmental impact but is classified as 'Problematic by default' due to safety and health
hazards, and as 'Hazardous after discussion' due to its low occupational exposure limits.'®The
use of TEAB was essential for the reaction outcome; however, due to the hazards it poses, a
future objective forimproving the reaction's health impact is to replace it with greener solvents,

such as ionic liquids.

N+/\ -
N W Br

Figure 11 - Tetraethylammonium bromide chemical structure
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Dimethyl carbonate's boiling
temperatureis 90°C. Since the
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superior temperatures, the
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Figure 12 - Reaction setup for the one-pot synthesis of OBMF from D-fructose.

The use of 35% wt. of catalyst derives from the sum of the catalyst in the starting reactions: D-
fructose to HMF requires 5% wt. of catalyst and HMF to OBMF requires 25% wt. of catalyst. The
Dean-Stark apparatus with molecular sieves and the nitrogen flow were used to remove the
water produced during both reactions, while the condenser was employed to recover the

evaporated solvent.

Table 6 — One-pot synthesis of OBMF using the best catalysts working for both HMF synthesis from D-
fructose and OBMF production from HMF according to Table 4 and 5. @

, Selectivity (%)° .
# Acid Catalyst OBMF HME-Me Other Crude (g)
1 PuroliteCT269 34 59 5 0.07
2 Fez(SO4)3 32 36 31 0.05

®Reaction conditions: D-fructose (1.00 g), Catalyst (35% wt.), DMC (25.00 g), TEAB (10% wt.), 110 °C, 24h;
PSelectivity calculated via "TH-NMR and confirmed via GC-MS; °The theoretical OBMF amount is: 0.64 g.

To evaluate the reaction outcome, both qualitative and quantitative analyses were conducted.

The data are reported as mass of product and selectivity. Selectivity, which represents the
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percentage of the species formed during the reactions, was determined through proton
Nuclear Magnetic Resonance ("H-NMR) and confirmed via Gas Chromatography coupled with

Mass Spectrometry (GC/MS) analyses.

Figure 13 shows the HMF spectrum, where the peaks and their corresponding chemical shift

values are indicated - deuterated chloroform (CDCl; - 7.28 ppm) was used as solvent to

dissolve the sample for the '"H-NMR analysis. In addition to the HMF peaks, smaller peaks are

visible, which correspond to OBMF sighals, as OBMF was also present in the sample as a side

product. Notably, one of the two aromatic doublets of both HMF and OBMF overlap at 7.23

ppm. Therefore, that peak could not be used for estimating selectivity.

Chloroform
(CHCL,) 7.28

HMF spectrum
HO 0 0
L
H
9.62
OBMF
LN
H

6.54
OBMF
\J

NP —!

8 96 94 92 90 88

Figure 13 - H-NMR spectrum of a sample containing a way higher percentage of HMF than OBMF.

Figure 14 shows the 'H-NMR spectrum of OBMF. The chemical shift at 9.65 ppm corresponds
to the hydrogen of the aldehyde group (red H), while the shifts at 7.22 and 6.58 ppm represent
the hydrogens in the aromatic ring (green H). The shift at 4.65 ppm corresponds to the
hydrogens on the carbon adjacentto the ether bond (light blue H). Since OBMF is a symmetrical
molecule, hydrogens on the same functional groups but on opposite sides of the molecule
produce identical signals, resulting in the same peak with higher intensity. The peak areas are

proportional to the number of hydrogens.
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Figure 14 - OBMF "H-NMR spectrum.

The selectivity via '"H-NMR of Tables 4-6 was calculated as follows:

1. lIdentification of the peaks;

2. Integration of the peaks;

3. Normalizing the integrated values based on the number of hydrogens each peak
represents;

4. Summing the normalized values for each peak corresponding to different molecules;

5. Calculating the ratio of each normalized value to the total sum of the peaks.

This process will lead to the percentage of species present in the sample.

In Figure 15 the spectra of the two reactions reported in Table 6 are depicted stacked one above
the other to compare them. In the bottom spectrum, corresponding to the reaction conducted
with Fex(SO,)s, a greater set of peaks are visible (5.2-4.4 ppm). Focusing on the zoomed areas,
signals named “OBMF” correspond to OBMF, peaks named “HMF-Me” correspond to

methylated HMF (HMF-Me) and the peak named “X” is related to another, quantitatively
29
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relevant, byproduct which we could not precisely identify. In particular, the formation of HMF-
Me is most likely caused by the methylating capacity of DMC, probably enhanced in those

reaction conditions.

OBMF
OBMF
HMF-Me
OBMF OBMF
x X | HMF-Me
| |
OBMF 2
OBMF
IFMF-ME
. ]
A
= ——— e — —— g A A S
GP1.24.1_(DdI3.1.fid
H1
-1
OBMF OBMF
¥ A HMF-Me
J.. === F1 === = | |

9:6 9i4 9.‘2 9.‘0 8.‘8 3:6 8!4 8?2 S.Iﬂ 7;8 7.‘6 ?:4 7‘.{2( ';"EJ:l 6?8 6.‘6 614 6:2 SiD 5.‘8 5‘6 5.‘4 5:2 5!0 4.‘8 4;6 4;4
1 (ppm;
Figure 15 - Stacked spectra of reactions reported in Table 4. The blue spectrum at the top corresponds to
the reaction conducted with Purolite CT269, while the red spectrum at the bottom correspond to the

reaction conducted with the Fe,;(SO.)s. The relevant peaks are zoomed at the top of the figure.

Due to the lower amount of side products, Purolite CT269 was selected as the most effective
catalyst and the related synthesis was further optimized by testing different solvent mixtures,
particularly varying the proportion between DMC and TEAB (Table 7).

The data relative to the solvents proportion are reported in Table 7. In a typical reaction 1.00 g
of D-fructose, 35% wt. Purolite CT269, were reacted at the reflux temperature of DMC for 24 h

using the setup shown in Fig. 12.
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Table 7 - Optimization of the solvent system.?

# Amount of solvent Selectivity (%)° Crude
DMC:TEAB HMF OBMF HMF-Me | Other (8)°
12 (25.00g:0.10 g) / 71 6 22 Traces
22 (15.00 g:15.00 g) 49 51 / / 0.22
3° (24.00 g:6.00 g) 62 6 31 / 0.19
4° (0.00 g:30.00 g) 47 53 / / 0.17

aReaction conditions: D-fructose (1.00 g), CT269 (35% wt.), T=90 °C, 24 h; Selectivity calculated via "H-NMR and
confirmed via GC-MS; °The theoretical OBMF amountis 0.64 g

According to the results displayed in Table 7, it can be observed that the combination DMC
(15.00 g:TEAB 15.00 g) produced the best results in terms of OBMF selectivity and product
recovery on a small scale.

It must be mentioned that when higher amounts of TEAB are employed, after 24 hours the
reaction mixture looked dry due to the complete evaporation of DMC. Adding more DMC during
the 24h did not improve the overall reaction yield. For this reason, once the reaction dries, the
reaction could be stopped. The pivotal role of water removal (evaporation) from the mixture - in
particular for HMF self-etherification to OBMF - was further proved by repeating the
experiments in a closed system in an autoclave. In fact, in these conditions DMC was still
presentin the reaction mixture and only HMF could be detected.

The product recovery process involved washing the solid with a hot organic solvent (e.g. DMC,
ethyl acetate) and filtering the crude through a Gooch filter packed with Celite and basic
alumina to remove TEAB and the catalyst from the solution. The remaining solid was then
dissolved in water, and a liquid-liquid extraction was performed using water and an organic
solvent (i.e., ethyl acetate, dichloromethane) (Fig. 16).

Although the washing step with the organic solvent could be skipped by proceeding directly to
the liquid-liquid extraction, HMF tends to dissolve in water rather than in organic solvents,
which would result in significant loss of HMF. While the quantity of recovered HMF is not critical

for this work, it can be useful for estimating selectivity.

The solvent was then evaporated under reduced pressure, and the product was weighed and
analysed using '"H-NMR and/or GC/MS.
Through rotavapor use it is possible to recover the organic solvent employed for the extraction

which could be employed in successive trials.

31



The liquid phase is filtered
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The solid phase is
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to a moreliquid mixture. \ leads tosolid crystals

Figure 16 - Product recovery process for the one-pot synthesis of OBMF.

Moreover, other solvents apart from DMC and TEAB were tested, i.e. dimethyl sulfoxide (DMSO)
and a mixture of diethyl carbonate (DEC) and water, resulting in either a low productyield or in
a 100% selectivity toward HMF. Therefore, according to the data so far collected, DMC, in
combination with TEAB, remained the most effective solvent system and was thus used in the
next trials.

Having this new proportion of solvents, the optimal amount of catalyst was determined.
Results have been reported in Table 8. From the data collected, it can be noted that a lower
CT269 quantity favours the formation of HMF, while only traces of OBMF could be detected (#1,
Table 8). Instead, increasing the amount of catalyst up to 35% wt. favours the subsequent self-

etherification of HMF to OBMF (#2-3, Table 8). Further increase in the catalystamounti.e. >35%
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wt. seems to promote the methylation of HMF by DMC, leading to the preferred formation of
HMF-Me (#4-6, Table 8). It is also evident that higher catalyst quantity allowed to retrieve a
greater amount of crude. This may be due either to an improved D-fructose conversion due to
the stronger acidic media or to the parallel formation of HMF-Me, which, being less water
soluble, is not removed during the liquid-liquid extraction step. In light of these results, the
reaction performed employing 50% wt. of CT269 was considered as the best compromise
between amount of crude retrieved and OBMF selectivity and therefore these conditions were

used for temperature optimization.

Table 8 - Optimization of the amount of catalyst.?

Amount of Selectivity (%)° .
# Catalyst (wt %) HMF OBMF HMF-Me Crude (g)
! 15 2 4 5 0.16
2 30 48 52 / 0.20
3 S 49 51 / 0.22
4 50 8 55 36 0.21
> Zhs 42 28 30 0.38
6 100 51 6 43 0.44

aReaction conditions: D-fructose (1.00 g), TEAB (15.00 g), DMC (15.00 g), T=90 °C, 24 h; ®Selectivity calculated via
"H-NMR and confirmed via GC-MS; °The theoretical OBMF amount is 0.64 g

Several experiments were then undertaken to identify the temperature for optimal OBMF
formation, testing temperatures between 80 °C and 120 °C (Table 9). Results showed that a
lower temperature (80 °C, #1, Table 9) was only sufficient for a partial D-fructose conversion to
HMF, and only 15% of OBMF could be detected. A higher temperature seemed to favour OBMF
formation, with the maximum selectivity value (73%) reached when the reaction was
performed at 100 °C (#3, Table 9). Further increasing the reaction temperature caused a
decrease of the overall amount of mixture retrieved, most likely due to HMF thermal

degradation (#4-5, Table 9).

Table 9 - Optimization of the temperature.?

Selectivity (%)° .
# Temperature HME OBMF HME-Me Crude (g)
1 80 85 15 / 0.26
2 90 8 55 36 0.21
3 100 26 73 / 0.28
4 110 5 73 21 0.13
5 120 26 52 15 0.09

aReaction conditions: D-fructose (1.00 g), CT269 (50% wt.), TEAB (15.00 g), DMC (15.00 g), 24 h;’Selectivity
calculated via "H-NMR and confirmed via GC-MS; °The theoretical OBMF amount is 0.64 g
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Figure 17 presents the data from Table 9 on Cartesian axes, with temperature on the X-axis and
selectivity on the Y-axis. It can easily be observed that OBMF selectivity increases to a

maximum at 100 °C, then decreases after 110 °C.
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Figure 17 - Selectivity related to temperature.
By compiling all the data, the optimal conditions for performing the reaction were determined:
1.00 g of D-fructose was reacted in the presence of 0.50 g of Purolite CT269 (50% wt.) as a
catalystemploying 15.00 gof TEAB and 15.00 g of DMC as solvent system (Tab. 10). The reaction

was carried out at 100 °C for 24 hours, using the setup previously described (Fig.11).

Table 10 - Best conditions to conduct the one-pot OBMF synthesis reaction.

Catalyst Solvent system T t Selectivity (%) | Crude OBMF
(% wt.) 4 °c) | () | HMF [oBMF| (g | vield(%)
50 (DMC 15.00 g:TEAB 15.00g) | 100 | 24 26 73 | 0.26 | 31

aThe theoretical OBMF amount is 0.64 g; POBMF amount calculated by analysing the reaction crude via '"H-NMR
and GC-MS and extracting the percentage of OBMF: OBMF (g) = Teaction C:Z:e @) *73 The OBMF amount was then
compared to the theoretical yield to obtain the percent yield.

For completeness, this reaction’s spectrum is reported in Figure 18 (top), and the close up of

the peaks used for the integration are reported in Figure 18 (bottom).
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Figure 18 - One-pot reaction NMR spectrum (top) and close up of the peaks relative to the hydrogens
in the aldehydes area, used to calculate the selectivity (bottom). The peak on the left represents the
OBMF and the peak on the right represents the HMF.

These conditions, following the recovery process described in Fig. 16, led to an OBMF yield of
31%. This result is almost comparable to the isolated yield obtained by conducting the
reactions separately (HMF synthesis from D-fructose and OBMF synthesis from HMF), but it
represents a good improvement since there is no need to purify HMF, thereby saving a
considerable amount of solvent. In order to verify this statement, green metrics analyses and
comparisons of the two-step process and the one-pot synthesis reported in the present thesis

were performed.
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3.2. Green Metrics

To compare the green metrics of the one-pot reaction of D-fructose to OBMF and of the two-
steps procedure i) D-fructose to HMF and ii) HMF self-etherification to OBMF (HMF+OBMF), it
was necessary to evaluate the data using the same starting amount of reagent. Since the one-
pot reaction was conducted on a 1.00 g scale, data for HMF synthesis from D-fructose and
OBMF synthesis from HMF were required. However, the exact material quantities for this scale
were not available in the literature. Therefore, based on the data reported for larger-scale
reactions and the experience gained in the laboratory, the amounts of workup and purification
materials were estimated for this calculation.

The calculations were made on a spreadsheet template provided by Andraos and Sayed.™

The following evaluation were also considered in the calculation of the metrics:

i) In the one-pot procedure data, the purification process was not performed and
therefore not included in the metrics calculation;

i) In the two-steps procedure the purification of OBMF from its synthesis from HMF
was not considered;

iii) In the two-steps procedure the purification of HMF was included because pure HMF

is essential for the high yielding OBMF synthesis.

The scores for the metrics used to calculate the values represented in the radial pentagon are

reported in Table 11 for both processes.

Table 11— Metrics applied to calculate radial pentagon scores.

Parameter HMF+OBMF One-pot
E-factor 604.0 506.8
PMI 605.0 507.8
RME 0.2% 0.2%
Atom Economy 65.0% 65.0%
Yield 38.1% 31.4%

The metrics values of the two processes are similar: as expected, based on the selectivity and
mass recovered, the yield of the HMF+OBMF synthesis is higher than that of the one-pot
process. However, the E-factor and PMI values of the one-pot synthesis are better due to the

reduced amount of solvents used, thanks to the elimination of the HMF purification step. These
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values have been employed to calculate the scores, reported in Table 12, of the metrics used

in the radial pentagon (Fig. 18).

Table 12 - Scores of the metrics reported for both processes.

Parameter HMF+OBMF scores One-pot scores Ideal Limit
AE 0.650 0.650 1
Rxn Yield 0.381 0.314 1
1/SF 1.000 1.000 1
MRP 0.007 0.010 1
RME 0.002 0.002 1

The scores are very similar, leading to similar polygons, with a slightly difference in the yield.
In Figure 19 the blue line refers to the one-pot synthesis and the red line to the HMF+OBMF

synthesis process.

Radial Pentagon

e HMF+OBMF e |deal Limit One-pot
AE
RME /j \\\ Rxn Yield
%N\

"

Figure 19 - Green Metrics Radial Pentagon. Blue polygon represents the one-pot synthesis values,
while the red polygon the HMF+OBMF process values.

Figure 20 displays pie charts representing the impact of each phase in the overall processes.
The chart on the left corresponds to the HMF+OBMF process, while the chart on the right

relates to the one-pot synthesis.
The waste-related metrics shown in the figures include the following:

o E-kernel: represents the mass contribution to the overall E-factor from reaction by-
products, side products, and any unreacted starting materials.
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e E-reaction solvent (E-rxn solv): refers to the mass of the solvent required during the

reaction to synthesize the desired product.
o E-catalyst (E-cat): is the mass of the catalyst used in the synthesis of the target product.

¢ E-workup: accounts for the mass of reagents employed during the work-up phase to

isolate the product.

e E-purification (E-purif): refers to the mass of reagents used in the purification steps

needed to obtain the pure target product.
o E-excess: refers to the total mass contribution from excess reagents.*®

These charts highlight that the purification step in the HMF+OBMF synthesis -specifically
related to HMF synthesis - required significantly larger amount of solvent. In contrast, the one-
pot synthesis omits this purification phase, leading to a notable reduction in solvent

consumption.

E-factor Profile (E-total =13.34)

OE-kernel
BE-excess
OE-rxn solvent
OE-catalyst

BE-work-up

D E-purification

HMF+OBMF One-Pot

Figure 20 - Waste-related metrics pie charts

The radial pentagon (Fig. 19) united with the pie charts (Fig. 20) are useful to understand where

the process could be improved to make the reaction more sustainable.
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It must be noted that these metrics are all mass-based metrics and do not consider the toxicity
of the materials used in the process. This issue could be resolved by employing a different

software to assess the sustainability of reactions e.g. Ecoscale.
In particular, key areas requiring further investigation to enhance the one-potreaction include:

e Improving the yield, which can be achieved through additional studies and

experiments.

e Reducing the amount of TEAB: as indicated in the green solvent guide, TEAB is
classified as “problematic/hazardous” and should be minimized. Scaling up the
reaction could increase its usage by 10 or 100 times, significantly raising the waste
mass. This issue could be addressed by exploring the use of ionic liquids, or by adjusting
the DMC to TEAB ratio. A 10% wt. of TEAB, as shown in Table 5 has yielded promising
results. In the one-pot reaction, TEAB functions more as a surface for the reaction to

occur, rather than as an agent to solubilize D-fructose in DMC.

¢ Recycling the catalyst: Purolite can potentially be recovered and reused in subsequent
syntheses, thus increasing the MRP of the process. However further experimentation is

required to confirm its feasibility.

o Optimizing the extraction process: the use of a Soxhlet apparatus has already shown

notable improvements in product recovery and could be further refined.
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3. Conclusions

The objective of the thesis was to explore for the first time a one-pot green synthesis of OBMF
from D-fructose: the concept is inherently aimed at improving the sustainability of OBMF
production. To achieve this, numerous trials were conducted, starting with the identification of
the most suitable catalyst, which was found to be the sulfonic resin Purolite CT269. Various
experiments were carried out in both autoclave and round-bottom flasks, with the latter proving
to be more effective. This is due to the importance of water removal for the reaction, which
could not be achieved in a closed system such as the autoclave.

The experiments revealed that the best conditions for one-pot OBMF synthesis from 1.00 g of
D-fructose were in a round-bottom flask equipped with a Dean-Stark apparatus and a
condenser, using 50% wt. of Purolite CT269, 15.00 g of TEAB, and 15.00 g of DMC at 100 °C for
24 hours, under stirring and a nitrogen flow. These conditions resulted in a 73% selectivity for
OBMF with 31% yield.

While the current level of optimization does not yet provide a significantly greener alternative
compared to the separate synthesis of HMF from D-fructose and OBMF from HMF, it shows that
OBMF can be synthesized directly from D-fructose without the need for HMF purification. This
makes it a promising starting point for further improvements, which could include reducing or
replacing TEAB, exploring catalyst recycling, enhancing recovery processes, and scaling up the

reaction.
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4. Experimental Section

All reagents and solvents were purchased from Sigma-Aldrich. Purolite was kindly provided by
Purolite. NMR spectra were recorded with Bruker 300 MHz spectrometer, in CDCls. Fex(SO,)s,

Purolite CT269 and TEAB were dried in oven at 100 °C overnight before use.

General Synthetic Procedure for 5-Hydroxymethylfurfural (HMF) in Large Scale

HMF was synthesized according to the procedure previously reported in the literature.*

The synthesis of HMF was carried out in a 220 mL stainless-steel autoclave, equipped with a
thermocouple for temperature regulation and magnetic stirring at 1000 rpm. In a standard
autoclave reaction, 40.00 g of D-fructose (222 mmol, 1.0 mol equivalent) was combined with
4.00 g of TEAB (10% wt.), 2.00 g of Purolite CT275DR (5% wt.), and 160 mL of dimethyl carbonate
(1.93 mol, 8.6 mol equivalents) at 110°C for 2 hours. During the reaction, the autogenous
pressure reached 8 bar. Once cooled, the reaction mixture was vacuum-filtered using a Gooch
funnelwith 15 g each of basic alumina and celite. The filtrate was washed five times with 80 mL
of hot ethyl acetate. The combined mixture was then evaporated and dried under vacuum,
yielding a viscous dark-brown oil (7.92 g). The HMF content in the crude product was
determined to be 72% by "H-NMR.

The crude mixture containing HMF was dissolved in 90 mL of diethyl ether (divided into three
30 mL portions). The yellow organic layer was separated from the remaining insoluble dark-
brown oil, and both were stored at -30°C for 48 hours. Orange-yellow crystals of HMF were
collected by filtration and dried under vacuum, yielding 12.94 g of pure HMF (46%). The

remaining ether solution and insoluble dark oil were combined and dried under vacuum.

TH-NMR (400 MHz; CDCLs) 8 (ppm): 9.64 (s, 1H), 7.24 (d, 1H), 6.54 (d, 1H) and 4.75 (s, 2H).
13C-NMR (100 MHz; CDCls) 3 (ppm): 177.64, 160.47, 152.43, 122.61, 109.99, 57.68.

General Synthetic Procedure for 5,5'(0Oxy-bis(methylene))bis-2-furfural (OBMF) in Gram Scale

OBMF HMF was synthesized according to the procedure previously reported in the literature.?®
In a 250 mL two-neck round-bottom flask, equipped with a Dean-Stark apparatus, a water
condenser, and a magnetic stir bar, 5.00 g (39.7 mmol) of HMF was dissolved in 165 mL of

dimethyl carbonate (DMC). Fe,(SO,); (3.96 g, 25 mol%) was added as a heterogeneous acid
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catalyst. The reaction mixture was refluxed for 24 hours under continuous magnetic stirring and
a nitrogen flow. After the reaction, the hot mixture was filtered and washed with a minimal
amount of ethyl acetate. The solvent was then removed under reduced pressure.

The crude product was weighed and analyzed via '"H-NMR. To purify the OBMF, the crude
product was recrystallized from a boiling water/methanol mixture, filtered, and left to cool in
the refrigerator overnight. The resulting yellow-orange powder was collected using a Blchner

filter, yielding 3.76 g of pure OBMF with an 81% yield.

'H-NMR (400 MHz, CDCLs), 5 ppm: 9.65 (s, 2H); 7.23 (d, 2H); 6.58 (d, 2H); 4.66 (s, 4H).
13C-HMR (100 MHz, CDCls), 5 ppm: 177.70; 157.20; 152.81; 121.77; 111.83; 64.64.

General Synthetic One-Pot Procedure for the 5,5'(Oxy-bis(methylene))bis-2-furfural (OBMF)

In a 50 mL two-neck round bottom flask equipped with Dean-Stark trap, a water condenser,
and a magnetic stir bar, D-fructose (1.00 g, 5.5 mmol) was dissolved in 15.00 g of DMC and
15.00 g of TEAB in the presence of Purolite CT269 (0.50 g, 50% wt.) as heterogeneous acid
catalyst. The reaction mixture was heated at 100 °C for 24 h under magnetic stirring and
nitrogen flow. Afterward, the solid mixture was washed and filtered with a minimum amount of
ethylacetate. The remaining solid was dissolved in 35 mL of water and a liquid-liquid extraction
was carried out with 90 mL of ethyl acetate. Eventual residual water was removed with Na,SO,
and the solution was then filtered on cotton. The solvent was then evaporated by reduced

pressure. The reaction crude was weighed and then analyzed via proton NMR.

"H-NMR (300 MHz, CDCLs), 3 ppm: 9.65 (s, 2H); 7.22 (d, 2H); 6.58 (d, 2H); 4.65 (s, 4H).
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