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Chiari mattini,

quando 'azzurro ¢ inganno che non illude,
crescere immenso di vita,

fiumana che non ha ripe né sfocio

e va per sempre,

e sta — infinitamente.

Sono allora i rumorti delle strade
Pincrinatura nel vetro

o la pietra che cade

nello specchio del lago e lo corruga.
E il vocio dei ragazzi

e il chiacchiericcio liquido dei passeri
che tra le gronde svolano

sono tralicci d’oro

su un fondo vivo di cobalto,
effimeri. ..

Ecco, ¢ perduto nella rete di echi,

nel soffio di pruina

che discende sugli alberi sfoltiti

e ne deriva un murmure

d’irrequieta marina,

tu quasi vorresti, e ne tremi,

intento cuore disfarti,

non pulsar piul Ma sempre che lo invochi,
piu netto batti come

orologio traudito in una stanza
d’albergo al primo rompere dell’aurora.

E senti allora,

se pure ti ripetono che puoi
fermarti a mezza via o in alto mare,
che non c’¢ sosta per noi,

ma strada, ancora strada,

e che il cammino ¢ sempre da ricominciare.

A galla, Altri versi e poesie Disperse, Eugenio Montale

Occorre diffidare del quasi-uguale (il sodio ¢ quasi uguale al potassio:

ma col sodio non sarebbe successo nulla), del praticamente identico, del pressappoco,
dell'oppute, di tutti i surrogati e di tutti i rappezzi. Le differenze possono essere piccole,
ma portare a conseguenze radicalmente diverse, come gli aghi degli scambi;

il mestiere del chimico consiste in buona parte nel guardarsi da queste differenze,

nel conoscerle da vicino, nel prevenirne gli effetti.

Non solo il mestiere del chimico.

17 sistema periodico, Potassio, di Primo Levi
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Preface

The present manuscript gathers many topics I dealt with during my PhD research period. The first
chapter includes an overview on how sustainability is getting more and more relevant in chemistry
and, in particular, in the development of chemical processes, since the outbreak of Green Chemistry
concepts until now. Moreover, some of the most important enabling technologies in organic
synthesis are detailed, such as one-pot processes, microwave irradiation, flow chemistry and
photochemistry, with a final section dedicated to combined techniques.

The second and third chapters encompass the research work I conducted at University of Camerino
(Chemistry Interdisciplinary Project, ChIP, Camerino, Italy) in the Green Chemistry Group, under
the supervision of Prof. A. Palmieri, with the collaboration of Indena S.p.A., and in Prof. C. O.
Kappe’s research group (CCFLOW lab) from April 2022 to October 2022, at the University of Graz,
Institute of Chemistry, under the supervision of Dr. C. Hone.

In particular, the second chapter focuses on the importance of nitro compounds as key building
blocks in organic synthesis. In this context, nitroolefins were exploited, during my PhD, to achieve
the synthesis of polysubstituted carbazoles and conjugated (E,E)-dienones under mild conditions,
two important compounds that find application in drug molecules and materials science.
Furthermore, their hydroalkylation was accomplished under photocatalytic conditions, both in batch
and flow, in a project conducted in collaboration with the PhotoGreen Lab of University of Pavia.
The third chapter is devoted to explore the relevance of natural products in organic chemistry, with
particular attention on the development of synthetic procedures to access valuable compounds. With
this aim, we envisaged a simple four-step sequence for the preparation of flavonoid Luteoloside,
often present in natural soutces only in traces, in the context of a project carried out in collaboration
with Indena S.p.A.

The last section of the chapter describes the work realized during my abroad period at the University
of Graz, in which a continuous flow protocol was developed, after an extensive batch investigation,

for the selective synthesis of two cannabinoids, A>-THC and AS-THC.
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New approaches
and technologies
in organic synthesis
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Recent times force us, researchers, academics, and industrial experts, to interrogate us and care about
what we do, but most of all about bow we do it. The question come directly from the world that
surround us. We must directly face the problems and accommodate us in this new reality where no
one is allowed to look the other way, especially if we are part of a community that play an important
role in it. Chemistry itself acknowledged this necessity long time ago, pioneers foresaw it all, but we
continuously struggled to remember how a single person, or a small group of people is at the base of

that necessity, of that change that the world needs.

The revolutionary concept of alternative reaction pathways to tackle environmental hazards and
pollution were first conceptualized by Paul Anastas and Roger Garrett in 1991, and later evolved in
the more structured “Green Chemistry” paradigm, thank to Joe Breen, but the concerns regarding

the impact that chemistry had on nature and human health started years before that important date.!

1.1 Green Chemistry: the evolution of an idea

Chemistry permeates every aspect of our life but its image all over the world has been long
compromise, starting from the publication of Silent Spring in 1962. The book outlined the
devastation that some chemicals had on local ecosystems and gave a boost to the modern
environment movement. The attention was put on the growth of industrial activities and their waste
dumping practices, and on the damages caused by pesticides like DDT.?

In order to face environmental problems and concerns, companies started to think about changing
their processes and important actions were taken directly by the President of the United States itself,
Richard Nixon, who introduced the Nation Environmental Policy Act (1969) and established the
U.S. Environmental Protection Agency (EPA) at the beginning of the new decade. Their goals were
“...to examine the full range of variables which affect environmental quality”, considering that
pollution control as major actor.?

Recognizing the need to move from “end-of-pipeline” mindset to actual pollution prevention, by the
1980s the EPA established the Office of Pollution Prevention and Toxics, and in 1990 emitted the
Pollution Prevention Act, created to enforce sustainable approaches to productivity. Moreover,
provided grants to states to reduce source waste, but one of the significant shifts began to occur
among chemists. Scientists, growing in the new era of environmental awareness, started to research
innovative strategies, while leaders of both industries and governments opened international
conversations to face the problems and looking for preventative solutions.

By the end of the 1990, EPA launched a research program which was expanded in 1993 and named
“Green Chemistry Program”, where the brand-new term Green Chemistry made its first
appearance, coined by Anastas and his team at US EPA.

Green chemistry is herein defined as “the design of chemical products and processes that
reduce or eliminate the generation of hazardous substances”,* where “design” represent the

most important word, because it expresses the true essence of the sentence: it must be something
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that is not done by accident, but a true “thoughtful endeavor, it is a statement of human intention”,
with an highlight on novelty, planning and systematic conception.>¢

The effort put in the Green Chemistry Program and the crucial presence of Dr. Joseph J. Breen,
among others, led not only to the publication of “Green chemistry: Theory and Practice” , where the famous
Twelve Principles of Green Chemistry are postulated as guidelines for designing green products and
processes, but also to the foundation of the Green Chemistry Institute (GCI), which few years later
became part of the American Chemical Society (ACS GCI).

Within those years the green chemistry movement began to gain ground internationally, and
conferences were held all over the world building a real community, a bridge that linked institutions
and universities from United States to Italy and Japan. The divulgation of the new direction taken by
scientists was of primary importance, and in 1999 the journal of Green Chemistry was launched by
Royal Society of Chemistry in UK. Another main achievement was the inauguration of the
pharmaceutical roundtable promoted by ACS GCI in 2005, with the aim to improve efficiency of the
processes and to promote safety in drug designing among companies.”

In 2016, Green Chemistry celebrated its 25" birthday: ideas and principles evolved during decades,
following innovations and discoveries. Now, the task is not yet completed, and many new challenges
need to be faced (Figure 1.1). The same Anastas is conscious that green chemistry is still very much
an emerging field that needs not only to be open but fused together to other disciplines, such as
biology, engineering, and physics.”

Looking forward to the 2030 Agenda for Sustainable Development, the universal call to action see
chemistry, and in particular green chemistry, as central.?

Chemistry may have an impact for at least 7 of the 17 aspirations goals established by the agenda,
such as Zero Hunger (2), Good Health & Well-being (3), Clean Water & Sanitation (6), Affordable
& Clean Energy (7), Industry, Innovation & Infrastructure (9), Responsible Consumption &
Production (12), Climate Action (13).1° Just an example: today more than 98% of all organic chemicals

are still derived from petroleum.
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Figure 1.1 Green Chemistry evolution timeline!!

Sustainable development goals have been proposed to achieve a harmonious development for the
future, for the survival of humanity and protection of world’s resources. A concerted effort by
applying both green chemistry principles and the ones proposed by circular economy, such as the 5
R Rules (Reuse, Reduce, Renew, Recycle, Redesign), is necessary for sustainable production to

advance, and it can be the starting point for re-directing the course of our evolution.

1.1.1 The Twelve Principles of Green Chemistry

In 1998, Paul Anastas and John Warner introduced a list of T'welve Principles that should be at the

basis of Green Chemistry. They were interpreted as guidelines to help the design of safer, sustainable

syntheses and processes, developed to look across their entire life-cycle stages of the product. These

principles were envisaged to be general enough to be applied to the wider range of chemistry, with
the final aim to reduce the intrinsic hazard and wastes of a chemical transformation.
Risks for human and environment coming from these hazards should be minimized at every level of

the process, and this objective revealed to be also economically profitable.¢

1. Prevention — It is better to prevent waste than to treat or clean up waste after it has been

created.

This first principle is related to waste prevention, since this is the preeminent parameter that defines
the impact of a process. Waste can be considered as everything that is not included in the final

product, such as materials, solvent, side-products, unutilized energy. It can harmfully impact human
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health and environment in different ways, depending on its nature, its toxicity, amount, or in the way
it is released.

It is also important, when it is not possible to prevent their formation, to think of transformations
in which these wastes could be recovered and return to life, be utilized in others production
processes, introducing them in a virtuous circular stream. This can also represent a gain from the
economic point of view.!?

Roger Sheldon introduced in 1992 some metrics that are now widely used, based on the necessity of
measuring the environmental acceptability of processes and contemporarily filling the lack of
common languages between different industrial actors.!3

Green metrics such as E-factor,* PML'S and EQ are useful parameters to quantify the sustainability

and impact of a synthetic design.¢

PR L R R R R R B o L
e USEFUL GREEN METRICS W,
/ /E (nvironmental)-factor » \

4 ltrepresents the actual amount of waste produced, from the raw material to the final product. It is calculated dividing
the kg of waste produced in a process by the kg of recovered product. In this way, everything that is not the product
will be considered part of the waste, such as organic solvents and purification materials. Yield and energy required
are taken into account in the calculation, but the water produced usually is not included (and the comparison between
processes become difficult), although the current trend in the pharmaceutical industry is to include it.
The ideal E-factor is 0, which correspond to 0 kg of waste. When it was first introduced in 1992, the analysis of
different sectors of chemical industries pointed out the pharmaceutical one was the most impactful, with values from
25 to > 100, while oil refining produced less than 1kg of waste for kg of product (<0.1).
The concept was later expanded with the introduction of the environmental quotient (EQ), which asseses the
environmental impact of the waste. EQ is calculated using the equation: EQ = (E-factor) - Q, where Q is an arbitrary
parameter that consider the “unfriendliness” (eg. toxicity, persistency, ease of recycling) of the waste.

. kg of waste
E-factor= ————
kg of product

Process Mass Intensity
PMI is similar to the E-factor, and in fact it is related to it by an arithmetical
relationship: PMI = E-factor + 1. It expresses the ratio of weight of all materials used
. . in the process and weight of the product produced. Materials include reactants,
PMI= _kg input materials reagents, solvents used in the reaction and purification. The best PMI for a process is
kg product equal to 1.
However, mass-based metrics like this and reaction mass efficiency (RME) are usually
not sufficient to measure the environmental impact of waste or the economic viability
of products and processes, and they need to be used in combination to othets, such as
life cycle assessment (LCI /A). Nevertheless, PMI has been adopted as key metrics
from GCI ASC Pharmaceutical Roundtable.

Life Cycle Inventory and Assessment
LCI/A is a methodology that allows a precise estimation of the cumulative environmental impacts
associated with all materials, equipments, processes of manufacturing used to make a final product. It
provides a more accurate and comprehensive view of the “greenness” of a product or process through the
entire life cycle, often including impacts not considered in other analysis. It is very useful analysis, but also
more time consuming if compated to the others.
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2. Atom Economy — Synthetic methods should be designed to maximize the incorporation of

all materials used in the process into the final product.

This term was first introduced by Berry Trost in 1991, presented as an “exciting challenge” for
organic synthesis, and it can be considered as another metric able to measure the mass efficiency of
chemical processes.!” Atom economy (AE) is calculated by dividing the molecular wight of the
product by the total sum of the molecular weights of all substances used and formed in the
stoichiometric equation from the reaction involved. It is a theoretical number that assumes the use
of exact stoichiometric quantities of material and a 100% yield. It is important to date that, in this

equation, solvents and chemicals used in the work-up are not considered.'®

_ MW product

MW reagents

The ideal chemical reaction should be as selective as possible, like a simple addition, which avoids
the formation of any side products, or produces the most innocuous one. In this sense, catalytic
hydrogenations are seen as one of the best examples of atom economy if compared to traditional
synthetic methods (Scheme 1.1, a-b), although it is the Diels-Alder reaction that more accurately

represent the epitome of the concept, with its theoretical 100% atom economy (Scheme 1.1, ¢).!?

a) Béchamp process

NO, FeCl, NH,
4 ©/ + 9Fe + 4H,0 —— 4 + 3 Fe304 Atom economy = 35%
HCI

b) Nickel catalyzed hydrogenation process

NO, Ni (cat. NH,
©/ + 3H, _ Nifeat) -, ©/ +2H,0 Atom economy = 72%
300 °C, 5 psi

c) Diels-Alder reaction

=z
Q * " I O Atom economy = 100%

Scheme 1.1 2) Atom economy comparison among Béchamp processes ad Nickel catalyzed hydrogenation

b) General Diels-Alder reaction.

3. Less Hazardous Chemical Syntheses — Wherever practicable, synthetic methods should be
designed to use and generate substances that possess little or no toxicity to human health and

the environment.

Redesigning processes with the aim to be cleaner and greener is also represented by finding
alternatives to the use of toxic and hazardous chemicals. The pathway that leads to a final product is
often composed by different steps, where each one can possibly contain toxic chemicals or produce
risk of contaminations. There are different ways to avoid that or at least minimize it and, in this

context, recent advances in synthetic strategies and technological innovation could be of great help,
16



such as one-pot synthesis, cascade of tandem reactions, multi-component couplings, the so called
“click chemistry”, rearrangements, cycloadditions, C-H activation, enzymatic catalysis, the use of
solid supported catalysts and continuous flow technology. Some of these will be discussed in the next

chapters.

4. Designing Safer Chemicals — Chemical products should be designed to affect their desired

function while minimizing their toxicity.

Generally, toxicity depends on three factors: intrinsic toxicity of a substance, bioavailability, and
exposure. Nowadays, the attention has shifted from efficacy to toxicity, and the harmfulness of
chemicals, drugs, and pesticides, is a central topic of discussion, even more if we consider the
perception of chemistry among people. This is a matter of undoubted great importance and concetns,
for both producers (academia and industry) and consumers.

The infamous — but very important - case of Thalidomide in 50s gave a boost to toxicity studies in
drug development and marked out the relationship between chirality and activity, stressing the
urgency of studying SAR (Structure-Activity Relationship) to design chemicals that were less toxic.
This claimed a change of mindset and precise training, and resulted in new knowledges and practice,
with the flourishing of medicinal chemistry field.?® Asymmetric synthesis, the importance of isosteres,
the investigation of the relationship between chemical structure and biological effects, the definition
of a toxicological profile, the careful control of absorption and the analysis of the metabolites
produced, are at the basis of daily drug research.?! Now, the attention is also focused on the studies
concerning environmental impact of pesticides, plastics and polymers, and on the synthesis of new

ones, with the effort to make them also degradable after disposal.

5. Safer Solvents and Auxiliaries — The use of auxiliary substances (e.g., solvents, separation

agents, etc.) should be made unnecessary wherever possible and innocuous when used.

Solvents are still the main source of waste, pollution, and energy consumption in a process, hence
influencing costs, safety and impact. Many of the common organic solvents are harmful, toxic and
environmentally damaging,®? so in the last decades a range of sustainable solvents have been
developed and is now in use today. Among them, we find bio-based solvents, ionic liquids, deep
eutectic solvents, supercritical fluids, liquid polymers, and water.?>?* Each of them presents some
advantages and drawbacks, but generally evaluations need to be done about the use of a solvent in a
given application, as the economic factor is also important (eg. energetic costs regarding solvent
recovery), and finally, some discrepancies among small and big scale syntheses still need to be filled.
Another approach is to perform reactions in solvent-free conditions; in this case the reactants can be
used alone without any solvents, or they can be absorbed on mineral support (alumina, silica, clays)
or polymer support (polystyrene, polyethylene glycol).?®

Auxiliaries are substances used in the reaction system that do not participate in the reaction, such as
purification or separation agents. Their use can be avoided by eliminating intermediate purification
step and using technologies that allow to have cleaner reaction profiles, with the production of side

products minimized. In this sense, continuous flow chemistry can often represent a useful tool.
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6. Design for Energy Efficiency — Energy requirements of chemical processes should be
recognized for their environmental and economic impacts and should be minimized. If possible,

synthetic methods should be conducted at ambient temperature and pressure.

Energy is and will be a key issue for our and next generations. The costs are escalating, and the
resoutces are not infinite, plus most of the energy is still based on fossil fuels and most of it is lost in
conversion and transmission. Nowadays, one of the focuses is reduce the overall energy consumption
in any sector, but is also important the search of renewable energies. Several of these solutions have

been found in biofuels production, solar power, wind power, hydro power, and hydrogen fuel cells.

In organic chemistry, there are different viable options to try to be more energy efficient: design
methods that don’t require hight temperatures, substitute conventional hearting with technologies
that guarantee homogeneous heating, like microwave-assisted irradiation, the use of catalysis to
reduce the thermal barrier, or the use of enzymes. Alternatives could also be represented by
ultrasound. It is important to remember that a large amount of energy is used after the reaction is

finished, like in the removal of solvents.20

7. Use of Renewable Feedstocks — A raw material or feedstock should be renewable rather

than depleting whenever technically and economically practicable.

Most of the manufacturing products are still derived from feedstock, natural gas, and extracted
mineral, non-renewable resources that have been depleted intensively.

Since the evaluation of sustainability of a process starts from the raw materials, turning toward
renewable ones is now of primary importance.® Nature itself produces about 170 billion tons of plant
biomass (eg. wood, crops, agricultural residue, food) per year, containing useful material such as
carbohydrates, lignins, oils and fats, proteins, alkaloids and terpenes, and it has been estimated that
we use just the 3.5% of it for human needs.?” For this reason, the evaluation of bio-mass such as
lignin and chitin,?® has growth a lot of interest in recent years: the first has found application as source
of energy in production site but also as raw material for the production of chemicals, whereas the
latter can be used after being deacetylated into chitosan, useful for water purification and biomedical

applications, like as nanoparticles in drug delivery systems.?>-3

8. Reduce Derivatives — Unnecessary derivatization (use of blocking groups,
protection/deprotection, and temporary modification of physical/chemical processes) should
be minimized or avoided if possible, because such steps require additional reagents and can

generate waste.

Since most of the processes are often made of subsequent steps, one of the goals should be to reduce
the formation of derivatives and the use of protecting groups, and to prioritize a one-pot processes

or a multicomponent one, in respect to conventional synthesis. In fact, every step of derivatization
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might include a following step of deprotection and purification, leading to the production of waste
and to more energy consumption.

Another way is to use enzymes, which are substrate specific. A great example is the industrial
enzymatic synthesis of f-lactam antibiotics. In this way protecting groups are not needed and the
reactions can be often conducted in water at just above room temperature.3!

Finally, if the derivatization is necessary, non-covalent derivatization could be preferable, where the

detivative is formed exploiting Van der Waals interactions or H-bond formation.*
9. Catalysis — Catalytic reagents (as selective as possible) are superior to stoichiometric reagents.

Catalysis has an important role in current organic synthesis. A catalyst is defined as “a substance that
changes the velocity of a reaction without itself being changed in the process”. So, it can improve
the efficiency of a reaction by lowering the activation energy required. Catalysts can be use in sub-
stoichiometric amount and, as they are more selective, this often resulting in less energy
consumption, less feedstock used, and less waste produced.’® Catalysis can involve different
approaches, such as heterogeneous, homogeneous, organocatalysis, photocatalysis and biocatalysis.>*
To cite one example, the use of heterogeneous catalysis can bring some advantages like the reduction

of work-ups to simple filtration, thus avoiding liquid-liquid extraction or distillation of the product.

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

environment.

As anticipated in principles 3 and 4, the goal must be the conscious design of chemicals, with an
overall view of the entire life cycle of the product, from the origin of the raw material to its final
degradation into innocuous derivatives. Pollution and persistency are problems strictly related to this.
Decades of studies and investigations are now able to tell us which chemical feature might make the
product more resistant and persistent, and so difficult to degrade into safe compound: halogens,
especially chlorine and fluorine, branched chains, tertiary amine, nitro, nitroso, azo and arylamino
groups, quaternary carbons, polycyclic residues, and others. Whereas functional groups such as esters
and amides are generally more susceptible to enzymatic degradation, but also hydroxyl groups,

aldehyde and carboxylic acids.?

11. Real-time analysis for Pollution Prevention — Analytical methodologies need to be further
developed to allow for real-time, in-process monitoring and control prior to the formation of

hazardous sub- stances.

The principle of prevention opposed itself to the firstly adopted approach of remediate after the
damage is already done. In this sense, real-time and in particular “in-line” analysis is essential for the
detection and elimination of eventual hazardous substance formed during a process. Analytical
chemistry and troubleshooting analysis are of common use in manufacturing, but the direct

continuous monitoring of a process could actually be able to solve problems before they go out of

19



control. Nowadays, the search of process analytical techniques, and their implementation in organic
synthesis and multistep processes, is taking big steps forward. In fact, it is now possible to integrate
NMR, UV/Vis, IR and UHPLC real time analysis for the better understanding and control of

reactions,3¢

12. Inherently Safer Chemistry for Accident Prevention — Substances and the form of a
substance used in a chemical process should be chosen to minimize the potential for chemical

accidents, including releases, explosions, and fires.

The prevention starts also with the identification and assessment of the hazards: intrinsic toxicity,
explosivity, flammability, corrosivity, mutagenicity, and others. So, whenever its possible, we should
prioritize the use of safer and greener reagents, also for the health and safety of workers. Accidents
can happen, but we should minimize the possibility to make them happens, also by carefully choosing
the materials and the design of processes.’” Of course, scale of production and the storage is
something to remember. The ammonium nitrate explosion in the port of Beirut in 2020 stands out

as the most recent and tragic event.

1.1.2 Green organic synthesis vs conventional organic synthesis

The aim of green chemistry extends beyond simply reducing hazardous substances and minimizing
the environmental impact. It also involves the continuous search for new, improved and more
efficient methods and techniques for chemical synthesis.

The synthesis of a final compound usually involves many steps, the use of large volume of organic
solvents, long reaction time and tedious work-ups and purification. New approaches and
technological progress can impact and reduce the usage of solvents, minimize purification steps,
formation of side products, with the result of a more efficient, reliable e reproducible protocol. Green
chemistry techniques can often improve the reaction rate, the total yield of the reaction and enhance

purity of final products (Figure 1.2).

Environmentally friendly Reduction of reaction time
conditions

Increase of the Use of a green catalyst

reaction rate

" 43 Advantages

Disadvantages
Use of hazardous Production of waste
chemicals and conditions d V

4 products
Environmental J Slow reaction time

unfriendly conditions

Figure 1.2 Green synthesis vs Conventional synthesis®®
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Green methods in this field involves the development of one-pot protocols, multicomponent

reactions (MCRs) or solvent-free conditions, the use of alternate energy inputs, such as

mechanochemistry, sonochemistry or microwave irradiation, but also organic electrosynthesis,
photochemistry and continuous flow processes.

Multicomponent reactions, a type of one-pot process, involve the simultaneous reaction of three or
more starting materials to form a desired product in a single step. MCRs are highly atom-efficient, as
they allow the synthesis of complex molecules without the need for multiple synthetic steps or the
generation of significant waste.

Ball milling is another example of green and efficient method for chemical synthesis. In fact,
mechanochemistry can promote reaction at room temperature and without the use of solvent, thus
increasing reaction rates, selectivity and energy efficiency. Ball milling can be applied in a wide range
of reactions, including C-C bonds, cycloaddition reactions, reduction and oxidations.?

Ultrasound sonication and microwave irradiation have emerged as increasingly utilized green
techniques in organic synthesis, in opposition to traditional methods that often lead to long reaction
time, more solvent usage and mediocre yield. Ultrasound sonochemistry offers increased chemical
reactivity, improved mass transfer, high efficiency, lower waste generation and energy requirements.*’
Microwave-assisted organic synthesis (MAOS) is now a well-known and established tool in
laboratories and industries, thanks to its many advantages, such as rapid and homogeneous heating,
the possibility to operate above the solvent’s boiling point, the precise control of parameters and
temperature/pressure continuous monitoring, the dramatic reduction of reaction time, the cleaner
reaction profile and generally higher yield of products.*#2

The use of continuous flow processes instead of batch ones often offer some advantages, like better
control of reaction parameters, enhanced safety, and reduced waste generation. Flow chemistry can
also enable reactions that are challenging or impossible to perform in batch processes.
Photochemistry, despite being more than 100 years old, is now living his renaissance period in
synthetic organic chemistry and photons have been declared a 215 century reagent. Actually, the
photon is one of the greener reagents at our disposal, as it is absorbed leaving no residue.*? They
generate electronically-excited molecules, which a generally more reactive, and they induce
transformations without using harsh condition, ensuring clean reaction and good atom economy.
Nevertheless, field has faced many challenges over the years, such as reproducibility, scalability, and
the maximization of efficiency. However, this could be overcome by coupling the technology with
continuous flow platforms.+*

Over the past decades, organic electrosynthesis emerged as promising methodology that addresses
critical aspects of green chemistry by substituting toxic oxidizing and reducing agents (electrons are
inertly clean reactants), by the use of mild condition, the reduction energy consumption, and the in-
situ generation of unstable of hazardous species within the reaction system, thus enhancing safety
and reducing potential risks.*> As electrochemistry offers a precise control of applied potential, it is
possible to regulate reactivity and tailor selectivity, leading to more -efficient chemical
transformations.*0 As confirmation of its increasing importance, recently the IUPAC committee

enlisted synthetic electrochemistry among the 2023 Top Ten Emerging Technologies in Chemistry.
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As briefly shown, the employment of these methods allows researchers and industries to reduce the
environmental footprint of chemical production, to enhance process efficiency and to promote the
design and development of sustainable and greener chemicals, processes, and reactors.

It is undoubtable, and for this reason inevitable to mention, that progresses in process analytical
technology (PAT), automation and digitalization are already changing, and will change in the

future, the way to conceive and to do chemistry. 4748
Some of the above-mentioned techniques will be extensively discussed in the next chapters (1.2 One-

pot processes, 1.3 MAOS, 1.4 Flow chemistry, 1.5 Photochemistry), as they were efficiently
applied during my PhD.
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1.2 One-pot processes

A one-pot synthesis is a methodology in which multiples teactions are combined in one single vessel,
where is ultimately possible to add reagents, change solvents and reaction conditions, but without

any purification or isolation of intermediates.
One-pot approach offers several advantages for achieving efficient organic synthesis:

e efficiency: the integration of different transformations into a single step allows to minimize
possible intermediates isolation, work-ups, purification, leading to a more straightforward and
efficient process;

e time and cost saving: performing multiple reactions in one-pot reduces the overall reaction
time and eliminates the need for additional reaction vessels and other equipment;

e selectivity and yield: the conduction of a reaction in a sequential manner can promote the
formation of the desited product and limit the side products formation, thus improving yield
and selectivity;

e versatility: the synthesis of complex molecules with different features and functionalities is

allowed in a more efficient and practical way.

This is in line with several principles of green chemistry, like the reduction of synthetic steps and
purification, the use of unnecessary atoms, and the final achievement of a better overall process
efficiency.*

One-pot processes allow to condense different bond-formation steps, which is particularly useful
when intermediates are toxic or they are unstable, and the isolation could lead to their degradation
and lower yield; when there is an equilibrium between two intermediates, but both of them can be
converted into the desired final product; or when there is an equilibrium between the starting material
and an intermediate; but also when side-products can be converted into the desired product and,
finally, when some of the reagents are involved in more than one reaction step.

Of course, this methodology in not universally applicable. The main drawbacks are due to very
inherent characteristic of the process: the fact that is conducted in one “pot”. Every reagent used
remain in the same vessel and this means that every excess should be avoided, as also the formation
of salts, or other side-products who may interfere within the following reaction mechanisms. The
advances in computational methods could help in defining actual compatibility and final viability of

a one-pot process.>

Multicomponent reactions (MCRs) are an example of one-pot process. It is a convergent
approach in which three or more compounds react to form a single product, and where all or most
of the atoms involved contribute to its formation (Scheme 1.2).5! This is generally achieved through
a cascade of elementary chemical reactions forming a network of reaction equilibria. Ultimately, the
reactions culminate in an irreversible step that produces the target product. In this way, simple but

differentiated substrates can be combined efficiently forming a way more complex molecule, in a
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limited number of synthetic operations. Moreover, the application of this methodology guarantees a
rapid access to a very large chemical and scaffold space, therefore gaining in the generation of
diversity, such as in the synthesis of different and relevant biologically active compounds.>> MCRs
find also application in combinatorial synthesis, agro- and polymer chemistry.>

MCRs are now one of the key assets in the sustainable synthesis toolbox, as they can bring together
many of the green chemistry principles, from atom and step economy, efficiency, mild condition,

and to general compatibility with green solvents.>*
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Scheme 1.2 Example of multicomponent reaction (U-4CR)

Cascade or domino reactions are another subclass, defined as processes involving two or more
bond-formation steps, which can occur under the same reaction conditions in a single vessel and in
a sequential manner. The crucial point is that at least two transformations must happen, and each
reaction flows into the next one.3® The idea first came to mind in chemists at the beginning of XX
century and evolved in the 90s, inspired to mimic what nature does every day, with high efficiency.>
Cascade reactions are usually divided in three stages: an initiation, a relay, which coincides with one
or more sequential steps, and a termination, where the product is formed.

Cascade reactions are very challenging but useful for total synthesis, as they can provide specific
molecules with structural and stereochemical complexity, with the advantages already enlisted for

one-pot processes.’

Tandem reactions are similar to the cascade one, but the subsequent transformations happen in

two distinguished parts of the molecule, by addition of only one reagent.

A brief mention to telescoped processing, that can be defined as a multistep synthetic procedure
in which intermediates extractions and filtrations are allowed. In this case, the intermediate crudes
are held in the solution, used for the subsequent reaction without their direct isolation.>® For this

reason, telescoped reactions not always coincide with one-pot reactions.

One of the best examples of one-pot methodology applied to the production of pharmaceutical
products was given by Hayashi and co-workers in 2013, with the synthesis of (-)-Oseltamivir, one
of the most effective drug for the treatment of influenza, in 36% overall yield.* The compound was

obtained in a one-pot fashion synthesis, without any evaporation or solvent exchange (Scheme 1.3).
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Scheme 1.3 One-pot synthesis of (-)-Oseltamivir

During my PhD, this methodology was successfully applied for the synthesis of polysubstituted

carbazoles (Chapter 2.2), and for the preparation of (E,E)-conjugated dienones (Chapter 2.3),

starting from f-nitro-f,p-unsaturated ketones.



1.3 Microwave-Assisted Organic Synthesis (MAOS)

Microwave (MW) radiations correspond to that portion of the electromagnetic spectrum with a
frequency range of 0.3 - 300 GHz, which correspond to wavelengths of 1 mm - 1m. Their region is
located between infrared radiation and radio waves (Figure 1.3). Since a big part of the band
frequencies within this region are used for telecommunication and radar equipment, to avoid
interference, domestic and industrial microwave apparatus generally works to a frequency of 2.45
GHz (12.25 cm).

Electromagnetic Spectrum

The electromagnetic spectrum is the range of all frequencies of electromagnetic radiation.
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Figure 1.3 Electromagnetic spectrum®

Microwave technology began to gain attention during World War II, mostly for the need of RADAR
devices. The two events that pinpointed significantly that time were the invention of the magnetron,
designed to generate fixed frequency microwaves, and the serendipitous discovery of the cooking
potential of microwave energy. Further investigations revealed that microwaves could rapidly

increase the internal temperature of food compared to conventional ovens.

Nevertheless, the exploration of microwave irradiation effects in organic synthesis did not begin until
the mid-1980s. The first two papers on the topic were published in 1986,51-62 leading many organic
chemists to recognize the advantages of utilizing microwave energy to drive synthetic reactions, like
a significant decreasing in reaction time. At that time, most of the research were conducted using
domestic MW ovens, with all the correlated challenges, such as the quick corrosion when exposed
to acids and solvents, lack of safety controls and no temperature and pressure monitoring. The need
of instruments, tailored for laboratory and industrial need, that pushed manufacturers to design and
built specialized ovens, the transition from multi-mode system to single-mode processors, and the
use of sealed vessels, marked a significant breakthrough in technology advancements and a rapid

expansion for this research field.%?
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1.3.1 Microwave theory

Traditionally, most organic reactions have been heated through conductive heating with an external
equipment, such as oil bath, sand bath and heating jackets. However, these methods present many
drawbacks: they tend to be slow and inefficient, temperature variations can occur within the sample,
and the transfer of energy into the system is strictly dependent on the thermal conductivity of the
material that need to be penetrated. Moreover, localized overheating may lead to the decomposition

of reagents or products.

In contrast, microwave heating is based on a different approach. The energy is coupled directly with
the molecules and solvents inside the reaction mixture, with minimum heating of the vessel. The
apparatus guarantees the temperature increases, and distributes it uniformly throughout the sample,
thus reducing the formation of by-products and the composition of targeted compounds. Moreover,
in pressurized systems with sealed vessels, microwave irradiation allow to operate beyond the boiling

point of the solvent used, providing enhanced control in reaction conditions (Figure 1.4).54
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Figure 1.4 Temperature distribution: conventional heating vs microwave heating, 6566

The instantaneous dielectric heating provided by microwaves is due to two main mechanisms,
dipolar polarization and ionic conduction, which depend on the ability of a specific materials (i.c.,

a solvent or reagent) to absorb microwave’s energy and convert it into heat.

1) Dipolar polarization: a substance with a dipole moment, on exposure to electromagnetic field,
try to follow and align themselves with the alternate electric field; these rotations result in
frictions that causes loss of energy, which is released as heat.

The energy lost is described by the Loss Tangent (tan d)

€
tan 8= —
€

¢” corresponds to the dielectric loss, which is the efficiency of a solvent to convert the radiation into heat
¢’ is the dielectric constant (or relative permittivity), which measure the polarity of a material, and display its ability to

store electrical potential energy

What we can imply from this equation is that reaction media with hight tan ¢ will convert more
efficiently radiation into heat. For this reason, these solvents are usually preferable when
performing a reaction using MW. Nonetheless, also the low absorbing solvents can be used if
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some of the reactant or catalyst are polar and able to enhance the overall dielectric properties
of the mixture, or if a proper polar additive, like alcohols or ionic liquids, is used to promote
the warming,
Solvent’s microwave absorbance can usually be classified according to their value of tan &
(Table 1.1).7

Table 1.1 Loss factor of selected solvents (20 °C, 2.45 GHz)

Solvent e’ (25 °C) tan &
Ethylene Glycol 37.0 1.350
Ethanol 24.3 0.941
— High: tan 8 > 0.5 DMSO 45.0 0.825
—  Medium 0.1 > tan & > 0.5 Methanol 32.6 0.659
— Low:tan 8 < 0.1 DMF 37.7 0.161
Water 80.4 0.121
Chloroform 4.8 0.091
Acetonitrile 37.7 0.062
Ethyl Acetate 6.0 0.059
Tetrahydrofuran 7.4 0.047
Dichloromethane 9.1 0.042
Toluene 2.4 0.040
Hexane 1.9 0.020

Substances with high dielectric constant not always have the highest absorption capacity. In
fact, ethanol (¢° = 24.3), which possesses a lower dielectric constant in respect to water (¢’ =
80.4), heats much more rapidly than water in a microwave field, thanks to its higher loss factor
(tan &: ethanol=0.941, water=0.121).

Since reaction vessels are typically made of microwave transparent materials, like glass or Teflon
(tan 8 < 0.01), only the reaction mixture will be heated, while the vessel remains relatively

unaffected.o®

2) Ionic conduction: the motion and oscillation of free ions or ionic species present in the mixture,
generated from the electric field, generates heat; the transfer of energy is more efficient as the

temperature increases.

This is why, if two samples of tap and distilled water are heated by microwave irradiation, the
first one will be more rapidly heated. The presence of ions in tap water enhances its ability to
conduct electricity. The conductivity principle, driven by the presence of ions, has a much

greater impact on heat generation compared to the dipolar rotation mechanism.

Microwave energy consists of a magnetic field and an electric field, but only the latter transfers energy
to heat a substance. However, this energy seems to be not sufficient to ionize molecules or cleave
molecular bonds, as opposed to what happens in photochemistry with ultraviolet and visible
radiation. Microwaves cannot affect the structure of organic molecules and their excitation is purely
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kinetic, although there are still some debates going on among scientists on the so called “non-

thermal” and “specific” effects.®

Essentially, microwave-enhanced reaction rate is, as we just said, a thermal/kinetic effect. The rapid
and uniform heating of the solvent, usually over the set temperature, accelerates synthetic processes
or enhance the product yield, or both (Scheme 1.4). Naturally, such temperature profiles are very
difficult, if not impossible, to reproduce by standard thermal heating, and the product distribution
might change using MW. Therefore, comparisons with conventionally heated processes are

inherently troublesome.
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CONV 25°C - )
weeks
CONV 60 °C - 3d
CONV 100 °C - 5h
MW 130 °C 2 bar 1h
MW 160 °C 4 bar 1.0
min
MW 200 °C 9 bar 3 min

Scheme 1.4 Synthesis of 2-methylbenzimidazole: thermal microwave effect.”

The Arrhenius equation well describes the kinetic (k) of a reaction as related to both activation energy

(Ea) and temperature (T).

-Ea
k = AeRT

-Ea
“A” is called frequency factor and represents the frequencies of collisions, erT is the fraction of collisions with enough energy

to react.

As we can infer from the equation, the kinetic is directly proportional to the temperature and

inversely proportional to the activation energy.

The supposition of the existence of some “specific microwave effects” arises from the distinctive
heating (dielectric) mechanism associated with the instrument. Generally, these include the

superheating effect of solvents at atmospheric pressure, the elimination of wall effects in the reaction

vessel and an inverted temperature gradient in favour of the bulk liquid, the selective heating of

strongly microwave-absorbing heterogeneous catalysts or reagents within a less polar reaction
medium, which can lead to enhanced reaction rates or selective transformations, particularly in

biphasic or multiphasic liquid-liquid systems, and the generation of localized "molecular radiators"
or microscopic hotspots, formed by direct coupling of microwave energy to specific reagents in

homogeneous solutions.” These hotspots can result in enhanced reactivity, or promote specific
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reaction pathways. Today, it is generally agreed that most of these effects can be categorized as
thermal direct or indirect phenomena.

Also, the presence of "non-thermal effects" in chemical reactions has been a subject of speculation
and debate among researchers, but it appears to be difficult to rationalize. Some groups propose that
these effects arise from specific and unique interactions between microwaves and materials or
reactants, resulting in a decrease in activation energy or an increase in the pre-exponential factor in
the Arrhenius equation, and so in altered reaction kinetics or selectivity beyond what can be explained
solely by thermal effects. These effects could be attributed to the orientation of polar species in the
orientation of polar species in the electromagnetic field. Though, in several instances where specific
or non-thermal microwave effects have been initially claimed, subsequent rigorous investigations
have unveiled that those were primatly due to inaccurate temperature measurements and agitation or
stirring of the reaction mixture. One example is the use of an external IR temperature sensor, instead
of an internal, fast responding fiber-optic (FO), that can more accurately monitor the reaction
temperature during the process.”

The ongoing discussions and debates reflect the complexity of understanding the intricacies of
microwave-assisted reactions, the diversity of chemical systems, and the need for further research to
elucidate the underlying mechanisms. Different research groups may employ different experimental
setups (in most paper this description is not even reported), conditions, and analytical techniques,

leading to varying interpretations of the observed effects.

When considering microwave-irradiation heating, another important factor to take into account is
the penetration depth (dp), defined as the depth at which the energy of the microwave irradiation
decreases to 1/e of its initial value, which is determined by the absorption properties of the material
and the dielectric properties of the medium being heated.” The limitation of penetration depth
becomes particularly relevant when scaling up microwave-assisted syntheses. As the volume of the
reaction mixture increases, the microwave energy may not be able to uniformly penetrate throughout
the entire sample. This can result in uneven heating and temperature gradients, leading to inconsistent

reaction outcomes and lower overall efficiency.”™

1.3.2 Equipment and techniques

Many things have changed since the first kitchen microwave oven was used for synthetic purposes.
Currently available dedicated microwave reactors for organic synthesis present specific features to
enhance control, precision, and automation in microwave-assisted synthesis, such as built-in
magnetic stirrers, direct temperature control, software that allow the real-time regulation of
temperature and pressure, continuous power regulation and efficient and rapid post-reaction cooling
systems.%3

For what concerns microwave reactor design, there are basically two distinct types: monomode
(single-mode) and multimode instruments. The latter are similar to domestic oven, with the waves
entering the cavity and being reflected by the walls, while single-mode reactors, the most widely used,
have a much smaller cavities and the microwaves are precisely directed and guided to the reaction
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vessel, placed at a fixed distance from the source. Moreover, multimode allows for simultaneous
irradiation of multiple samples, enabling parallel synthesis, whereas in monomode systems only one
vessel can be irradiated at a time. In this case, robotics and autosamplers might overcome the issue
and guarantee high throughput.”* Additionally, the integration of different technology, such as
continuous-flow or stop-flow reactors can solve penetration depth issues, holding promises for
scaling up MAOS processes.*? Generally, single-mode microwaves can operate volumes from 0.2 to
50 mL, temperature, and pressure around 300 °C and 30 bar, while higher volumes can be handled

in multi-mode instruments (several liters), allowing kilogam-scale preparation in both cases.

Microwave-assisted organic synthesis can be accomplished using standard organic solvent, water,”
or high-boiling microwave-absorbing solvents like DMSO, N-methyl-2- pyrrolidone (NMP), 1,2-
dichlorobenzene (DCB) and ethylene glycol, under open or sealed-vessel fashion. The integration of
rapid heating through microwaves with sealed-vessel (autoclave) technology has become the
preferred method for conducting MAOS on a laboratory scale, because of the possibility of precise
on-line monitoring of bulk temperature and pressure. In the last two decades, the use of ionic liquids
as both solvents, reagents and additive in order to heat non-polar substances has increased
significantly in microwave chemistry,’ since they present many good properties for the scope: high
boiling point, exiguous vapor pressure and their high thermal stability.”” Also, soluble polymer
matrices, such as polyethylene glycol (PEG) represent a viable and useful option.”® Apart from
classical protocol in solution, solid-phase microwave organic synthesis, with the use of the use of
cross-linked macroporous or microporous polystyrene resins, can present some advantages.
Frequently, MAOS can be perfomed also solvent-free,” with the reagents pre-adsorbed onto
inorganic support, such as silica, alumina, clay or graphite, but in this case non-uniform heating,
mixing and precise determination of the inner temperature might happen.®’ Phase-transfer catalysis
(PTC) is also a widely used technique when performing organic synthesis using microwave

irradiation.

1.3.3 Microwave heating in organic synthesis

In the last 30 years many different reactions were conducted exploiting the advantages of microwave
irradiation. In particular, metal-catalyzed carbon-carbon and carbon-heteroatom bond-forming
reactions and cross-coupling reactions, apart from being of great importance in organic synthesis,
they can greatly benefit from the application of this technology. In fact, conventional protocols often
require hours or days to undergo completion with conventional heating, usually under reflux
condition and inert atmosphere.8!82

With this aim, MAOS has been efficiently applied to Heck reactions, using both homogeneous and
heterogeneous catalysts, also in aqueous and solventless conditions. 5384

Suzuki couplings were one of the first studied reaction exploring microwave-assisted synthesis.
Traditionally, they involved aryl halides and boronic acids but, with the recent advancements, this

methodology has been extended to include coupling with alkyl-, alkenyl-, alkynyl halides and
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alternative boron sources.?>%> Recently, Sonogashira cross couplings gained a lot of interest in
synthetic field and many examples are reported in combination with microwave irradiation.®¢ In this
context, methods have been developed to conduct these reactions also under transition metal-free
condition. 8788

In recent years, significant advancements have been made in microwave-assisted C-N bond forming
reactions, these includes Ullmann couplings,®’ and Buchwald-Hartwig reactions.”

The application of microwave irradiation has impacted Ring-closing methatesis by significantly
improving reaction rates and conversion efficiencies, overcoming the drawbacks of conventional
methods and enablig the efficient synthesis of macrocycles.?!%2

One of the first and well-suited examples of microwave-assisted procedures were given by
cycloaddition reactions, since conventional methods often require harsh conditions.®®> Also
cyclocondensation reactions have found relevant space in the field.%

One-pot and multicomponent reactions, such as Ugi and Mannich, are considered hot topic and
in the past years many different microwave-assisted procedures have been published.>%

These are just few examples of the potential applications of MAOS.7-%

Microwave-assisted organic synthesis appeared to be revolutionary and suited to the increased
demands in industry. Considering the many advantages they could provide in organic synthesis, like
a uniform heating of the sample, shorter reaction times coupled with generally higher purity and
yields, compatibility with solvents and easy removal, and lower energy usage,” it was often enlisted
as the “technology of tomorrow” and “The Bunsen burner of the 21st century”. 1%

Over the years, the attention of the scientific community to this technology has become someway
timid and has slightly faded, favouring other advanced methodology, probably due to frequent scale-
up problems. Nevertheless, microwave reactors are now standard equipment in organic synthetic
laboratories, both in universities and pharmaceutical industries. Moreover, the combination of
microwaves with enabling equipment such as continuous flow processing (MACOS) might represent

the future road to industrialization of dielectric heating, 101,192

During my PhD, microwave irradiation was exploited for the development of a one-pot protocol for
the synthesis of polysubstituted carbazoles (Chapter 2.2). It was also explored for the optimization
of different reactions, such as in a key step for the preparation of Luteoloside (Chapter 3.2), and to
conduct some trials for the selective acidic-catalyzed conversion of CBD into A>-THC and A8-THC

(Chapter 3.3).
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1.4 Flow chemistry

Continuous flow chemistry is known as the procedure/technique of petforming chemical reactions
or chemical processes in a continuous manner with the use of small flow reactors (Scheme 1.5).
Reagents, teactants and solvents (in A and/or B) are pumped together into tubes, reaching a mixing
junction where reagent streams are combined and passed into a reactor (where the actual reaction

occurs) to provide reaction residence time.

Scheme 1.5 General scheme for flow reaction

Then the reaction mixture may be fed into a column reactor that contains solid reagents, catalysts,
or scavengers; the system can also be equipped with back pressure regulator and inline analytics,

providing information about reaction performance.!®

Flow chemistry has been primarily developed in the last three decades, establishing itself as a
disruptive innovation for manufacturing active pharmaceutical ingredients (API) and small
molecules, but microreactors chemistry was known since the 1960s, when technological progress and
was not yet ready and developed to support it.!* Flow technology presents the significant advantages
of precise control of some key synthetic parameters, such as stoichiometry, temperature, pressure,
and the contact time of molecules within a reactor, when compared to a batch process.!% These
principles often lead to improved product quality, safety, cost effectiveness and sustainability. 100

Flow chemistry, in combination with several other enabling technologies, such as photochemistry,
high pressure processing or electrochemistry, can allow a radical improvement of the existing

chemical processes and of previously inaccessible materials.

1.4.1 Operating principles and advantages

Running a reaction under batch condition often comprehends a series of sequential actions: reaction-
quench/work-up-evaporation-putification-evaporation-distillation/rectystallization to obtain the
pure product. Whereas, to prepare and conduct flow reactions is quite different and requires

knowledge of many reaction parameters, which calculations can differ from traditional synthesis.
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= Stoichiometry
Under batch conditions the stoichiometry is set by the molar ratio of the reagents added to the
reaction vessel/flask, and the reaction proceeds until the reagents are consumed and the desired
conversion is achieved. In contrast, in a flow process, where the reaction takes place continuously as
the reactants flow through a reactor, the stoichiometry is set by the correlation of parameters such
as flow rates and molarities of the reactants. By a fine adjusting these parameters, which can be done
real-time on the instrument, the desired stoichiometry can be achieved and maintained throughout

the reaction.

= Residence time as "reaction time"
In batch mode synthesis the reaction time is determined by the time a vessel is stirred under fixed
conditions, whereas the concept of reaction time in a flow process is expressed by the residence time,
that is the time reagents spend in the reactor. The mean residence time is given by the ratio of the

reactor volume (V) and the reaction flow rate (overall flow rate, v).

\Y

tres— ;

Operatively, the residence time can be changed by modulating the flow rate or modifying the
length/volume of the flow reactor. It is important to note that, while the mean residence time can
be easily calculated, there is a distribution of residence times within the reactor, due to the non-
uniform flow speed caused by axial convection and radial diffusion. In fact, the flow velocity near
the centre of the channel is generally faster than that near the walls (parabolic velocity). This produces
a significant difference between the overall conversion/yield of a transformation and the
conversion/yield in steady-state conditions, whete the system is stable (Figure 1.5). Fractionated
collection at the outlet can particularly useful for determining when the concentration is invariant
over time. However, if the diameter of the reactor channels or tube is sufficiently small, the radial
diffusion time becomes shorten, for the reduced diffusion path, resulting in a narrower and uniform

residence time distribution. The narrow residence time distribution in reactors with small diameters

steady-state conversion/ vield

concentration

concentration
4
ll l i}

flow reactor
time time ' '

overall conversion/ yield

Figure 1.5 Parabolic velocity and residence time distribution (left); Differences between overall and steady-state

conversion/yield (right) — scheme taken from ref'?’?
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has advantages, such as improved reaction selectivity, better control over reaction kinetics, and
enhanced process efficiency and reproducibility.

Sometimes, especially when using reactors (typically tubes or columns) in which solid particles or
pellets (catalysts) are packed, it is difficult to calculate the exact volume with the equation, because
the formation of hotspot, as well as dead volumes derived from non-homogeneous packing, can
broad residence time distribution. When using packed-bed reactors it is easier to manually measure

the residence time.

=  Flow rate (v)
Under flow conditions reactions kinetics are controlled by the flow rates of the reagents streams. The
flow rates of the reagents indeed influence the residence time of the reaction, and have an impact on
the outcome of the transformation.

v is usually expressed in units such as mL min-!

Generally, the flow in a reactor can be of three different types: 1) laminar, 2) turbulent or 3)
transitional, depending on the size of the tube, flow rate (low flow rate — high flow rate), viscosity or
density of fluids. The determination of flow pattern is given by the Reynolds number (Re), a
dimensionless indicator, defined as the ratio between the inertial forces and the viscous forces of a
fluid flow.

_ puDy

o

Re

where p is the fluid density, u the fluid velocity, D the hydraulic diameter of the channel and p the dynamic viscosity.

For low Re (Re < 2300), the flow regime is laminar and diffusive forces governs the mixing, whereas
for high Re (Re > 4000), the flow is turbulent, characterized by convective mass transport. The flow
is defined as transient when 2300 < Re < 4000.

In continuous flow reactor, the flow is also influenced by the different type of multiphasic systems

that can be present in a reaction, such as gas-liquid, solid-liquid, liquid-liquid, solid-liquid-gas.

In order to measure and regulate the mass flow rate of a fluid per time, devices such as a mass flow
meter or mass flow controller can be used. These can be a valuable tool in situations where there is
uncertainty about the pump's operation at a desired setpoint or when fluctuations in flow rate may

occur.

=  Volume vs space
When considering a batch reaction, the reagent and product concentrations vary over the time, and
mixing becomes a relevant aspect (especially when increasing the scale of the reaction) in order to
reduce concentration gradients that affect the kinetics of a reaction. Reactant’s concentration decay
exponentially with time. Under flow conditions, each portion of the reactor is defined by specific

concentrations of the starting material(s) and product(s): in this sense, the reaction profile within a
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flow reactor can be defined within space rather than time. In a flow reactor, reactant’s concentration
decreases exponentially with distance along the reactor while product’s concentration increases, till
it reaches the outlet no back or forward mixing is possible and an optimal flow rate allow to obtain

maximum concentration of the product.!®

= Mixing and mass transfer
The overall movements of species (i.e., a reactant) due to diffusion and convection processes within
the reactor, defines the mass transfer. This parameter plays a vital role in determining the degree of
mixing within the reaction mixture. Efficient mass transfer influences the reaction kinetic and
selectivity, leading to improved mixing, thus in enhanced reaction rates and overall reaction
efficiency. In many processes, limitations in mass transfer can be a bottleneck for the efficiency of
the process, such as in multiphase reactions, and flash chemistry.!%
In conventional processes, reactants are usually mixed by a stirrer, which can lead to non-uniform
and chaotic mixing. In contrast, continuously-flowing microreactors offer a solution by enabling
rapid and homogeneous mixing due to the small channel dimensions, that guarantee reduced
diffusion distances and faster molecular interactions.
The channels or capillaries in microreactors typically have diameters ranging from 0.05 to 0.5 cm,
promoting laminar flow as the predominant mode of fluid motion.!? Due to their compact size and
laminar flow behaviour, microreactors can achieve complete mixing within microseconds.
Mixing in a flow process is highly advantageous, compared to batch mode, as it is determined by
diffusion within very small volumes of reagents. Under flow conditions, mass transfer is considered
very effective and determines the specific and enhanced kinetics observed.
In flow systems, the main mixing occurs when the reagents streams reach a mixing point. This can

happen with different methods, that will be discussed in the next section.

=  Temperature control and heat transfer
Heat transfer consists in the exchange of heat between the interior and exterior of a reactor, and for
this reason surface-to-volume ratio plays a crucial role.

The heat transfer rate (¢) is provided by the following equation:
q=UAAT

where U is the heat transfer coefficient, which depends on the properties of fluids, on the reactor wall properties and geometry,
and on the fluid velocity, AT}y, is the logarithmic mean temperature difference along the reactor and A is the heat transfer

surface area.

As the surface area is proportionally related to the heat transfer rate, we can infer that an increased
surface area can allow a more cateful control of temperature.

Temperature is a key parameter in organic synthesis and its relevance is highlighted in many
transformations, such as reaction with slow kinetics, exothermic reactions, where runaway episodes
are frequent and lead to safety concerns, but also in reactions where the product-to-side-product

ratio is determined by a small difference in transition state energies.
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In batch conditions, especially when performing reaction on a larger scale, it is quite difficult to obtain
a homogeneous distribution of heat. Microchannels of flow reactors, with their smaller dimension
compared to round bottom flask, presents enhanced and more efficient transfer of heat and smaller
temperature gradients inside the reactor.

Moreover, reactors are made of highly thermal conductivity materials, such as stainless-steel or
silicon. This means that the temperature can be accurately controlled, with the benefit of an improved
selectivity, the possibility to safely handle exothermic reactions by continuous removing of heat from
the system, and making possible to operate under isothermal conditions and also above the solvent’s
boiling point.!"! Reactions with slow kinetics can significantly enhance reaction rates thanks to
process intensification, with the possibility of operating at high temperatures and pressures applying
back pressure regulators.

Finally, the fine control of temperature can favour the reaction pathway that leads to the formation

of the target product, suppressing, or at least minimizing, the formation of by-products.

The general possibility of changing quite easily different key parameters of a reaction, the reduced
operating time, coupled with a real-time analytical monitoring, allow the almost simultaneous
screening of conditions, which become more important when performing a process optimization.
Automation, or the simple configuration of the flow system with a computer, permits to set a series

of consecutive experiments without the need of any human intervention.

In recent years, the number and types of reactions performed with continuous flow chemistry have
grown substantially, especially in pharmaceuticals, fine chemicals, and polymer chemistry.!'? Much
of the growth resides in the possibility of safely use of those chemicals that are too problematic to

be handled on larger scale by batch reactions. These include potentially hazardous reactions such as:

v Hydrogenation Reactions
v Oxidations

v Halogenations

v Nitrations

V' Diazotizations

v Reactions with Grigrands

V' Reactions that use toxic gases

Summarizing, amongst the advantages and benefits of continuous flow chemistry we find:

* improvement in heat transfer, mass transfer and mixing; these reaction parameters together
with residence time can be more precisely regulated, the controlled contact among reactants leads to
a better impurity control (limitation of side reactions) and final product yield;

* better overall process control; in-line analyses are often combined to flow equipment to evaluate
step-by-step the trend of the process, following Principle 11 of Green Chemistry; in particular,

technological advancement with computation and automation well integrates with the whole flow
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system, and tools like Process analytical technology (PAT) can contribute to control, analyze and
design better processes, with great impact on the optimization phase of products development.

* tunability, derived from the possible implementation of other enabling technologies or organic
synthetic methods, like microwave irradiation, photochemistry or electrochemistry, with flow,
enhancing also the energy efficiency of the whole process;

* better scalability, productivity and reproducibility of reactions: usually microreactors, which
have channel sizes in the millimeter or sub-millimeter range, are often used in academic and industrial
laboratorties, thus providing the production of multiple g/h, but thanks to high surface-to-volume
ratio compact, efficient and modular reactor design, processes can be easily scaled up to pilot or
production scale; however, the requirements for mass transfer and heat transfer in larger reactors
must be considered; reactors can work also in parallel (numbering up), thus leading to higher
productivity.

* a wider range of reaction variables are accessible; for example, running a continuous reaction
under pressure allows reactions to be run at higher temperatures than possible in batch reactions,
where solvent reflux at ambient pressures is typical, and this can also provide higher products yield;
* fast reaction time and diminution of wastes; testing a range of reaction variables is far faster in
flow processes, especially for an eatly screening stage, and less substrates and reagents are required;
inline real-time analysis provides immediate feedback on the effects of variables on the reaction
performance;

* improved process safety and reduction of risk factors; in fact, reactions that are considered too
hazardous to carry out in batch are often considered acceptable in continuous flow, like the ones that
are very exothermic or otherwise energetic; in flow reactors smaller amounts of reactants are in
contact, but also the exposure to toxic substrates and reagents is minimized by the smaller volumes
required in continuous flow systems. Beside a safer handling of toxic reactants (in line with Principle
12), flow technology allows to combine consecutive reactions (multistep flow synthesis) with multiple
reactors and modules, thus also avoiding any manipulation of intermediates, which might be toxic or

unstable.!13

Although continuous flow processing has numerous benefits, it has also faced some challenges, that
deter its widespread use in chemical processing, especially at large scale production.

One major problem is the formation and use of solids. The channel diameters of continuous flow
reactors and tubes can barely tolerate the presence of solids in the system and hence, channel fouling
leading to eventual blockage is a common phenomenon and a serious issue; also suspensions atre
prone to clogging channels. The compatibility of equipment materials (for example O-ring) with
solvents is also something to consider when implementing an organic synthesis in flow.

Another relevant issue is the huge cost of flow equipment, that limits its use. Often, academic
laboratories prefer to adopt “in-house built” or modular flow systems, since they are less expensive
and more adaptable to different chemistries. In this context, 3-D printing technology and new

affordable electronic toolkits came in help making flow chemistry more accessible.!%115
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The development of laboratory equipment from continuous flow processes filled the gap between
research and process chemistry development, but the lack of flow equipment dedicated for scale-up
is still a problem that sizing up (in diameter or length) or parallelization procedures cannot solve on

their own.116

1.4.2 Set-up, instrumentation, and technology

Generally, a continuous flow chemistry apparatus can be compact, like many pricy “off-the-shelf” or

modular commercial systems, or home-built, less expensive and tailored to the laboratory needs.

However, generally it consists of common operating unit or modules (Scheme 1.6):

Fluid & Reagent Delivery | Mixing i Reactor i Analysis i Quenching i Pressure i Collection or
i i i (optional) i i regulation | Connection
i i : i ! ! fraction collector
Input 1 —<>— ; i ! D ! i i
pumps (HPLC, | | | 3 ! BPR |
syringe, peristaltic, piston) | ' ”l " ! ! | |
Input 2 : i ! ! i N i )
| i ! in-line ! ' XX bar : collection flask
i | i detector ! i i
sample loop | i i i | |
i .2 . i ! '

packed
bed

coil

a

additional tools

Scheme 1.6 General set-up for a flow apparatus

Fluid & Reagent Delivery

This module can deliver reproducible quantities of liquids (reagents, solvents) or gases, and it must
be carefully calibrated to ensure a specific flow rate. Eventual pulsation in the pumping step can
influence the overall reaction stoichiometry. Liquids are usually delivered by piston-, syringe-,
peristaltic, or HPLC pumps (Figure 1.6), adequately chosen to suit a specific process. In fact, each
pump has different characteristic, advantages, and disadvantages. Syringe pumps — single and dual -
are very easy to use and suited for small-scale optimization; they present high precision at low flow
rate (< 0.1 mL/min) but the reservoir is limited by the syringe volume. Peristaltic pumps can be very
reliable, they guarantee no contact with the sample, and they are less susceptible to pressure changes;
they can also deliver viscous and slurries feed, but they suffer pulsed flow and fast deterioration of
tubing. HPLC pumps stably operates at flow rate 0.1 > mL/min and ate suitable for the use of large-

scale reservoir and solvent compatibility might be an issue, mostly for volatile one. In HPLC pump,
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as well as in syringes, liquids are in contact with the pump, and clogging/blockage problems for

precipitation of reagents can stop the flow.

Syringe pumps Pesistaltic pump HPLC pump

Figure 1.6 Example of syringe, peristaltic and HPLC pumps

A compact device, such as a mass flow controller, capable of accurately controlling the flow rate,
can be added to the system to supply one or more chemical compounds to the process.

Finally, sample loops and injection valves (usually 6 port valve) can be used to introduce small
precise volumes of reagents. They are usually exploited during flow optimization step to minimize
material consumption, and in case of very expensive reagents that need to be carefully dosed.
Generally, the introduction or formation of solid precipitates within the system causes fouling, but

in some cases magnetically stirred slurries can be used.!.!18

Mixing
In flow systems, the mixing occurs when the reagents streams reach a mixing point: usually this can
happen with three different active or passive methods: a) for simple contacting, with a T-piece, Y-

piece or and arrow-piece, b) in a split and recombine fashion, ¢) with multilamination micromixers

(Figure 1.7)'%, but it can also occurs thank to the presence of flow obstacle or active mixers.

L i

Contact mixer Split and Recombine Multilaminar mixer
T-piece (left), Y-piece (right

Figure 1.7 Example of different mixing unit

Additionally, in biphasic gas-liquid processes, one efficient and safe way for mixing the two steams
is to use a semipermeable membrane in a tube-in-tube method, where only the gas can pass the

membrane and interact with the substrate, or saturate the solvent (Figure 1.8).120
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Figure 1.8 Tube-in-tube system

Reactor

In recent years, there has been significant attention toward the development of various types of
reactors for flow chemistry applications. These units provide residence time for the reaction and
offer advantages in terms of temperature adjusting during the reaction, process control, safety, and
efficiency. Commonly used reactors are coil reactors, chip-based reactors, and packed bed reactors
(Figure 1.9). Coil reactors are the simplest and more versatile type of reactors used in flow
chemistry. They are typically made by a variety of materials depending on their applications: inert
polyfluorinated polymers, such as polyetheretherketone (PEEK), polytetrafluoroethylene (PTFE),
polyfluoroacetate (PFA), fluorinated ethylene propylene (FEP), are more suitable for low and
medium pressure whereas, stainless steel or Hasteloy reactors are generally used for high pressure
and temperature processes. Packed bed reactors usually contain a bed of solid reagent or catalyst
or scavenger particles, facilitating the interaction between the reactants and the catalyst surface,
offering high surface area contact, enhancing reaction rates and selectivity. Furthermore, after the
reaction is occurred no quenching and separation steps are needed. Notwithstanding, heterogeneous
catalysis be problematic, leaching episodes occurs frequently, turnover frequency of the catalyst is
not easy to establish, leading to not uniform performance, and “chromatographic effects” might be
detected.!”” This type of columns can be used downstream to achieve in-line purification. Chip-
based reactors exploits microfluidic channels on a small chip, allowing for precise control over mass
and heat transfer and efficient mixing (they often incorporate their own mixing unit). They are usually
made of silicon, glass, ceramic, or stainless steel. As disadvantages, they possess generally low
throughput and tend to clog easily.

All reactors can be designed with the ability to be heated or cooled, by fixing them to the flow system
with a dedicated adaptor, allowing precise temperature control during the reaction. In other cases, a

simple bath, in which the coil is immerse, can serve the purpose.

Figure 1.9 Coil reactors (left), packed bed reactor (centre), chip reactor (right)
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Analytical units

Reaction mixtures in a continuous process can be analysed with three different approaches: offline,
online, inline. The first one downstream analysis is the most commonly used in many laboratories:
sample are collected from the outlet and subjected to different analysis, such as gas chromatography
(GC), hight performance liquid chromatography (HPLC), nuclear magnetic resonance (NMR). On-
line procedures include periodic automated sampling of the reaction mixture, transferring them to
analytical instrument. This allows a fine monitoring of the reaction progress and quality control, and
fastens the decision-making process for conditions optimization. The diagnostic capture information
that can also be used to control further pumps and to carry multi-step sequences.

Inline analysis integrates the analytical unit directly into the flow process using an analytical flow-
through cell. This is suitable for non-destructive techniques such as Fourier-transform infrared
spectroscopy (FTIR), Raman spectroscopy, ultraviolet-visible (UV-vis) spectroscopy, and the use of
benchtop NMR. In this way, continuous monitoring of the reaction can be achieved, providing

immediate feedback on reaction parameters, and allowing for real-time adjustment.

Quenching

Chemical or thermal quenching procedures ensure the right reaction time for a reaction by halting
the reactions, that could continue in the collecting flask and could generate side products. Rapid
cooling can be used to immediately stop a reaction, and flow equipment, with enhanced heat transfer,
guarantees efficient cooling. In most other cases, chemical quenching is required. This involves the
addition of a quenching reagent to the reaction stream through a mixing unit (like a T-valve). Tools
like in-line liquid/liquid phase sepatatots and extractors can be connected to the set-up, with semi-
permeable membranes able to separate liquids with similar density and that are usually miscible, like
THF and water. Their application is useful also for catalyst recovery, for the separation of hazardous

or toxic species generated in-situ and for solvent switching between two consecutive reactions.

Back-pressure regulator (BPR)

The integration of a Back Pressure Regulator (BPR) in a flow reactor enables precise pressure control
in a flow reactor by opening a valve when a selected pressure is reached, and maintaining it constant
during the whole process. The use of a BPR offers several advantages over conventional batch
reactors: the possibility to operate above the solvent’s boiling point, by keeping the solvent in a liquid
state even at higher temperatures, an increased gas dissolution, by enabling gas-liquid transformations
to occur more efficiently, to maintain a stable flow rate (especially for low boiling solvents) and
minimize pressure fluctuations, improving the overall pump performance and reliability.

Generally, there are two types of BPR: one works at predefined pressure value, the other are
adjustable (Figure 1.10). As the first are usually compact cartridge-type devices with a spring-loaded
plunger, convenient and easy to use, the latter are membrane-based, more versatile and expensive;

they use a reference pressure against a diaphragm to precisely set the system pressure, allowing fine-
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tuning of the pressure during the reaction without the need to stop the flow. Additional pressure

sensors can be integrated into the delivery system upstream.

Predefined BPR Adjustable BPR

N — i o

e,

Figure 1.10 Predefined (left) and adjustable (right) BPR.

Collecting

The set-up can be endowed with different collection modules, like tanks or batch vessels, where the
outlet of the reaction is collected. An automated fraction collector can be used to collect fractions at
different time points during a process run. Differently, the reaction outlet could go into further

downstream units.

Purification

Generally, organic synthesis of complex molecules and pharmaceuticals involves several
transformation steps that often require time-consuming and tedious purification procedure, like
separation by standard column chromatography. Continuous flow allows to conduct multistep
reactions without isolating unstable or toxic intermediate but, as the complexity of mixtures profile
increases over number of steps, many laboratories still rely on off-line conventional purification.
For this reason, continuous in-line purification strategies have not yet become an ordinary procedure
for a flow process. The main used techniques are, liquid-liquid separation, that we already mentioned
when talking about quenching procedure, tube-in-tube system, that can operate also as gas separator
when connected to vacuum, and packed bed filled with scavenger materials. In recent years,
microfluidic distillation, nanofiltration, as well as prototypes of in-line evaporators and continuous
extractors, joined the picture with the aim of facilitating impurities removal, solvent switching,
isolation of products and recycling of catalysts.!?! In this context, new straightforward but complex
technologies have emerged, such as continuous crystallization and simulated moving-bed
chromatography (SMB).!122123 These methods could guarantee better performance, less solvent
consumption and hight throughput compated to batch purification, but they still need to be fully

implemented.

Connecting parts

Every operating unit or modules need to be connected to the other. This role is played by tubing and
nonwetted parts, like nuts and ferrules, generally used in HPLC instruments, compatibly with the
chemicals and solvents used, and the pressure reached by the system. Also, syringe-to-tube

connectors, tube-to-tube fittngs and T-valves can be considered in this category. Usually, the

43



materials choice between polymers and stainless steel follows the same indication as the one

previously showed for reactors material selection.

1.4.3 Flow chemistry in organic synthesis: advances and perspectives

Flow chemistry revolutionized many chemistry sectors, but one of the main impacts was registered
in medicinal chemistry, where multidisciplinary efforts are put together to develop new, safe, and
effective drugs.

The preparation of complex molecules starting from simpler building blocks was undoubtedly
favoured by the disruptive growth of flow technology, so much that it now finds vast applications in

the synthesis of heterocyclic compounds, natural products,'?* and active pharmaceutical ingredients
(API).125.126,127

One advantage of continuous flow synthesis is possibility to conduct several transformations without
the need of any purification and isolation of the intermediate.'?® In this context, one interesting
example was provided by Petersen et al.. They presented a multistep flow sequence starting from a
protected diamine and an isocyanate, followed by a Cbz-deprotection, and subsequent alkylation with
different benzyl bromides, exploiting different supported scavenging cartridges and catalysts
(Scheme 1.7). The process yielded a series of piperazines that target a receptor involved in

inflammatory conditions.!?
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Scheme 1.7 Flow scheme for the multistep synthesis of piperazines

Multiple reaction steps combined into few continuous operations were also exploited to achieve the
semi-continuous synthesis of Efavirenz, first-line treatment of HIV.130

The process starts with the lithiation of 1,4-dichlorobenzene and the subsequent trifluoroacylation.
The following addition of lithium cyclopropylacetylide on the obtained intermediate affords a
propargylicalcohol. The final step is a copper-catalyzed cyclization of an in situ generated

arylisocyanate, which provides Efavirenz in 45% yield in less than two hours (Scheme 1.8).



Moreover, the system is provided with in-line purification, with scavenging columns to remove the
byproducts from the stream. Overall, the process envisages the use of less toxic and less expensive

reagents within a shorter reaction route, if compared to previous approaches.!31:132
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Scheme 1.8 New continuous flow synthesis of Efavirenz

Since I previously reported the one-pot procedure to achieve (-)-Oseltamivir (Chapter 1.2) presented
by the Hayashi group, it seems interesting to also report their continuous flow approach. They
developed few years later, attracted by the possibility of building an even more efficient, safe and
reproducible process.!3?

This achievement was preceded by a batch optimization of the entire process, in order to obtain a
faster reaction time and decrease the number of steps. Indeed, the group was able to perform the
total synthesis of (-)-Oseltamivir within 60 minutes (with MW irradiation; 170 min without its use).
Once optimized, they transferred the method in flow, in a multistep synthesis using five consecutive
units (Scheme 1.9). The process involves a diphenylprolinol silyl ether mediated Michael reaction
(1), a domino reaction of Michael and intermolecular Horner— Wadsworth—Emmons reactions (2),
protonation (3), epimerization (4), and final reduction of the nitro group to an amine (5).

Another problem was the represented by the solubility of some of the reagents used in the previous
approaches: Cs2CO3 was profitably substituted with #BuOK in the flow process, and the reduction
of the nitro using Zn and TMSCI was performed with Zn packed in a column, with Celite to avoid
clogging issue. Unfortunately, after the last step, a traditional acid-base extraction and column
chromatography was needed to afford the product.

The process leads to a 13% total yield of the product, by operating through a single flow, and with a
residence time of 310 minutes. Even though this result cannot match the one obtained in the one-

pot process, flow chemistry represents a stimulating tool for further investigation and scale-up.!3*
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Scheme 1.9 Continuous flow approach for the preparation of (-)-Oseltamivir

Another interesting example of continuous flow process was reported by Jamison and Snead,
involving the synthesis of important anti-inflammatory drug Ibuprofen, within an overall residence
time of three minutes (Scheme 1.10). The method, that uses simple and inexpensive reagents, was

also scaled up and provided the product at a rate of 8.09 g/h!.13
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Scheme 1.10 Three minutes flow synthesis of Ibuprofen

46



The development of flow systems, integrated with automation and digitalization,!3 PAT,!37-48 and
computational chemistry, boosted the creation of compound libraries and facilitated simultaneous
screening, enhancing lead discovery and optimization.!’® Moteover, the emergence of advanced
technologies for data acquisition, processing, and control, led to a significant increase in the amount
of data generated, that can be profitably used to improve the quality, safety, cost-effectiveness, and
sustainability of processes, especially in terms of energy consumption and wastes generated.!?? These
data can be analysed using statistical methods, machine learning, and data visualization techniques to
identify trends, correlations, and anomalies, to model and predict the behaviour of chemical
reactions. This helps in optimizing process parameters, identifying of potential issues, and reducing
the need for extensive experimental testing to find the optimum.!4?

The economic and social benefits of flow chemistry are particularly relevant in our society,
particularly in this historical moment where the chemical manufacturing industry is a key driver of
the economy, and a treduction in the footprint of processes is strongly demanded to the

petrochemical, commodities and pharmaceutical sectors.!4!

Within this thesis work, continuous flow technology found application in the photocatalyzed
hydroalkylation of nitroalkenes (Chapter 2.4), and in the development of a selective process for the
synthesis of A>THC and A8-THC from Cannabidiol (Chapter 3.3), conducted at the University of
Graz.
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1.5 Photochemistry

The history of light-induced reactions can be easily dated back to Earth early stages, even before the
beginning of human life. It was plants work that created an atmosphere that shielded life from solar
high-intensity UV irradiation, through the generation of the protective ozone layer. In this way, solar
energy and light’s interaction with matter have shaped the planet's course and continue to play a
significant role in various natural, productive, and environmental processes. From photosynthesis,
where the energy of absorbed photons is used to provide ATP for energy storage and NAPH, while
oxygen is liberated into the atmosphere, to the many biological — physiological and psychic -
processes in which is involved within our own bodies. Light is Life.

Nowadays, the field where its impact is of paramount importance is, without any doubt, energy
production. World’s demand is constantly growing and solar irradiation represents a clean, reliable
and renewable source,!*? considering also the need of more sustainable solutions to modern
challenges and crises. In fact, beside the progresses in photovoltaic systems development,
photocatalysis can be employed to remove pollutants and contaminants from water and air, 143,144
Photochemistry finds applications in healthcare, with the use of photosensitizing agents to treat
cancer,'® and in the development of new drugs and pharmaceuticals.

Light often allows to operate under mild conditions if compared to many chemical processes, and
photons, unlike other activating agents or catalysts, leave no residue or byproducts to remove after
their action. The high energy generated can be selectively delivered directly to an absorbing molecule,
by carefully choosing the wavelength and intensity of light, allowing the formation of reactive
intermediates in a controlled manner, therefore making processes safer. These advantages contribute
to the growing importance of photochemistry in various fields, ranging from organic synthesis to
materials science,!#6 and beyond. In fact, another relevant application is in the development of new
devices and technologies, ranging from electronic displays and sensors to advanced imaging

techniques.

1.5.1 Origins of contemporary photochemistry (and green chemistry)

The knowledge of photochemical transformations has a long history, but some of the most important
discoveties dates to the 18th century, like Priestley's initial encounter with the oxidation of mercury
into a red solid, after focusing sunlight on a sample using a twelve-inch lens. In 19the century,
Trommsdorff first, Sestini and Cannizzaro later, studied the wavelength dependence of
photoreactions, the chemistry of Santonin and its photoproducts, and their work served as a
foundation for further explorations in the field. In the same years, the contribution of academics
such as William Henry Perkin, for the light-induced isomerization of olefins, and Heinrich Klinger,
for the photoreduction of carbonyl compounds when exposed to sunlight, paved the way for the
next generation of chemists.!*” It was in the 20th century that organic photochemistry emerged as a

significant area of research, thanks to the contributions of scientists such as Giacomo Ciamician and
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Paul Silber. Working on the terrace of the University of Bologna, they conducted experiments by

exposing solutions of vatious chemical compounds to sunlight (Figure 1.11).148
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Figure 1.11 Ciamician and Silber: photochemistry on the rooftop of University of Bologna

Through their work, Ciamician and Silber made significant advancements in photochemical
transformations, surpassing previous efforts, and showcasing the potential of utilizing light as a
driving force for chemical reactions, becoming pioneers of not only solar energy conversion, but also
of green chemistry. In fact, their work laid the ground for further investigations into the mechanisms
and applications of organic photochemistry, demonstrating its power in enabling unique and selective
transformations, and finally leading to its recognition as an essential field of study within chemistry.
But, they also hold the merit to have focused, probably for the first time, the attention of the world
on energetic problems. In his famous lecture "The photochemistry of the future" (Figure 1.12), given at
the "V1II International Congress of Applied Chemistry" (New York, September 1912), and later published
in 4 different languages,'*’ Ciamician expressed his forward-thinking perspective, anticipating several
of the fundamentals that now stands in the 12 Principles of sustainable chemistry (1, 2, 3, 5, 6, 7, 12,
see Chapter 1.1.1).1°0.151 He recognized the finite nature of fossil solar energy (i.e. fossil fuels,
including coal and oil), enlisted and evaluated the contribution and impact of the various forms of
energy, proposed the use of solar energy for producing electrical energy, and highlighted the
importance of the use of renewable materials and reagents. He recognized that photochemistry
provided a unique tool for driving chemical reactions, due to its resemblance to how nature and

organisms operate every day, enabling reactions that may not occur readily under thermal conditions.

SCIENCE

Fripay, SerreMeEg 27, 1912 THE PHOTOCHEMISTEY OF THE FUTURE'

Figure 1.12 Transcription of Ciamician's speech!¥

More than 100 years passed form that inspiring talk. The future toward which Ciamician was referring

to is the one that we are living now, and photochemistry itself is living a renaissance.
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1.5.2 Back to basics

Interactions between matter and visible or ultraviolet light were significantly clarified with the
emergence of quantum theory at the beginning of last century. Quantum theory showed how
electrons in matter can be described by wavefunctions, which represent their probability
distributions, as they exhibit both wave-like and particle-like properties. Quantum theory also
explained that light and the energy of matter are quantised, and there are only discrete energy levels
available to electrons in atoms, molecules, and other materials. The energy levels are separated by
specific energy differences, and these separations are on the same order of magnitude as the energy
of visible or ultraviolet light. When matter interacts with visible or ultraviolet light, it can absorb
photons of specific energies, corresponding to the energy differences between its quantized energy
levels. This absorption can promote electrons from lower energy levels to higher energy levels,
resulting in the creation of electronically excited species. These excited species possess higher energy,

and they can exhibit distinct chemical or physical properties.
Planck’s law defines the energy of a photon (E)
E =hv = hc/A

Where h is Planck constant (6,63 x 10-3 Js) and v is the frequency of oscillation of the photon in units of s or Hertz (Hz), c

is the speed of light

This means that the energy of a photon is proportional to its frequency and inversely proportional

to its wavelength (Table 1.2).152

Table 1.2 Visible and ultraviolet light's properties

Colour A (nm) v (10 Hz) E (kJ mol?)
red 700 4.3 170
orange 620 1.6 193
green 530 5.7 226
blue 470 6.4 254
violet 420 7. 285
ultraviolet <300 >10.0 >400

Generally, light-matter interaction can be the result in three different processes:

— Absorption: where a photon, with an amount of energy equal to the energy difference that
occurs between two electronic states, can transfer its energy to an electron, causing its
transition from a lower energy state to a higher one.

— Spontaneous emission: it involves the spontaneous release of energy by an excited
electron as it transitions from a higher energy state to a lower energy state; it emits a photon

with energy equal to the energy difference between the two states.
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— Stimulated emission: it occurs when an already excited electron is stimulated by an
incoming photon of the same energy; the stimulated electron undergoes a transition from
the higher energy state to the lower energy state, releasing a photon with the same energy,

phase, and direction as the incoming photon.

When referring to an absorption process, other two laws that become essential to mention are

Grotthuss-Draper law and Stark-Einstein law. As the first states that for a photochemical reaction to

occur, the molecules or atoms involved must absorb light, the second postulates that the absorption
of one photon results in the excitation of a single molecule, because light absorption is a one-
quantum process. However, there are exceptions to this latter, particularly when very intense light
sources like lasers are used to irradiate a sample, and concurrent or sequential absorption of two or
more photons by a single molecule occurs, or when free radicals that can initiate chain reactions are

generated.

In a photochemical reaction, the absorption of light, ranging from high-energy ultraviolet (UV) light
to visible light and even low-energy infrared radiation, induces a chemical transformation. This
process involves several photophysical processes, which can be represented in the Jablonski state
diagram (Figure 1.13). This illustrates the energy levels and transitions of a molecule during a
photochemical reaction: initially, the molecule is in its ground state, denoted as Sp, where the highest
occupied molecular orbital (HOMO) is fully occupied by two electrons; upon absorption of a
photon, with the energy matching the HOMO-LUMO (lowest unoccupied molecular orbital) gap,
the molecule is excited to its first excited state, Sy, where one electron is promoted to the LUMO.
Once in the excited state, several processes can occur. The excited electron can go back to the
HOMO emitting light by fluorescence, or it undergo a non-radiative internal conversion (IC), where
the energy is dissipated as heat, bringing the molecule back to the ground state, without emitting any
light. Alternatively, through a process called intersystem crossing (ISC), the excited molecule can
change the spin configuration of one electron, leading to its transition to a long-lived triplet state,
denoted as T1. In this state the energy is lower than the one of the corresponding excited singlet

state, in line with Hund’s rule.
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Figure 1.13 Jablonski state diagram!®
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From the triplet state, the molecule has two possible pathways to return to the ground state. It can
undergo radiative decay, known as phosphorescence, where the electron transitions back to the
ground state with the emission of light, or it can undergo a non-radiative internal conversion like the

one observed from the singlet excited state.

The absorption of a photon and subsequent formation of an electronically excited state (R") , that
possess different electronic distribution and geometry, enhances electron donor or acceptor
properties, and serve as the starting point for various processes. In photochemical reactions, the
excited state can undergo chemical transformations, such as isomerization, dissociation, oxidation,
or reduction, leading to the formation of new compounds (P). These reactions are driven by the
energy gained from the absorbed photon. In photophysical transformations, besides fluorescence
and phosphorescence, other processes include energy transfer, where the excited state transfers its
energy to neighbouring molecules.

R+hv—>R'—>P

Beer-Lambert Law describes the linear relationship between the concentration of a solute in a

solution, the light absorbance as it passes through the solution and path length.
A=c¢cl

where A represents the absorbance of the solution, which is a dimensionless value, as it can be also written as the negative
logarithm of relative absorption (Iout/Iin), € is the molat absorption coefficient, which is a constant specific to the absorbing

substance and the wavelength of light being used, ¢ is the concentration of the solute in the solution, expressed in mol/L, 1 is

the path length of the light through the solution, usually measured in cm.

As the molar absorption coefficient varies at wavelengths (A), a plot of these two can provide an
absorption spectrum of a specific substance. This helps determining the wavelength (Amax) at which
the compound exhibits its maximum molar absorption coefficient (emax), meaning the highest
probability of absorbing light. By identifying Amas, the photoexcitation process of the compound can

be optimized, as it can be more efficient and effective.

When molecules absorb photons and transition to electronically excited states, that are inherently
transient and have a limited lifespan, they acquire excess energy. The loss of the excess energy can
occur through vatious physical deactivation processes, ultimately resulting in the returning to a
ground-state configuration of the molecule. If the dissipative process is accompanied by the
formation of a new chemical species or modification of the molecular structure, it can be considered
a chemical process. Differently, if the excess energy is dissipated through luminescence or non-
radiative processes, that involve energy redistribution within the molecule or energy transfer to the

surrounding environment, it does not result in the formation of new chemical species.

When the excited molecule undergoes a photochemical reaction, the excess energy is utilized to drive
the chemical transformation, resulting in the creation of different chemical bonds, isomerization, or
other chemical rearrangements. In this case, intermolecular processes occur, such as: vibrational
relaxation, where a molecule is in an electronically excited state with excess vibrational energy can
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rapidly collide with other molecules, including solvent molecules, thus producing molecules in the
lowest vibrational level; energy transfer, where the energy from an electronically excited state of one
molecule (the donor) is transferred to another molecule (the acceptor); or electron transfer, in which
a photoexcited donor transfers an electron to the acceptor molecule, resulting in the formation of an
ion pair. Nevertheless, the line between physical and chemical processes in photochemistry can
sometimes be blurred, as certain reactions involve a combination of both. For example, excited-state

proton transfer or electron transfer reactions involve both physical and chemical phenomena.

Generally, the transition from ground states to upper electronic states (excited) in a system can be
depicted also in term of changes in the potential energy of reactants, intermediates, and products
during the reaction (Figure 1.14). This usually comprehend at least two energy surfaces, the ground-
state surface and the excited state surface, in contrast to thermal reactions, where a single energy
surface is sufficient to describe the process. To start and finish in ground-state surface, the key step
is transitioning through a “photochemical funnel” from an excited state to a lower one to reach the

appropriate electronic and vibrational state for the desired products or reaction pathway.!>?

Funnel

Fxcited-state potencial
energy surface

Potential energy

Ground-state potencial

energy surface

R P
Reactive
Reactant . Product
intermediate

Reaction coordinate

Figure 1.14 Potential energy surfaces for excited - state and ground - state molecules

In this point, the excited-state and ground-state potential energy surfaces come into close proximity,
allowing for efficient transitions between the two states. The conversion from an electronically-
excited state R™ can lead to the target product either in a concerted single step process, or through

the formation of a reactive intermediate I, like a radical species.

As we anticipated, one difference between a photochemical reaction and a thermal one is the energy
state of the reagents involved, but another important characteristic is that temperature does not have
marked effect on the rate of light-initiated reactions. Furthermore, in conventional thermal reaction
heat is generally applied to the whole system indiscriminately, thus leading to random collision which
can result in favouring alternative reaction pathways and byproducts, whereas a photochemical
reaction is able to generate excited species selectively, especially when a monochromatic light of the
appropriate wavelength is used.

Another difference resides in Gibbs free energy between thermal and photochemical processes. In
fact, the difference in Gibbs free energy (AG) is primarily determined by the difference in enthalpy
(AH) and entropy (AS) between the reactants and products, so a thermodynamically favourable and
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spontaneous reaction in the thermal process is characterized by a negative AG. In thermal processes,
the rate of reaction is primarily governed by the necessity of overcoming the activation energy barrier.
In photochemical processes, Gibbs free energy also considers the energy of the photons absorbed
during the excitation process, and the reaction rate is primarily determined by the intensity and
wavelength of the light source, the absorption cross-section of the molecule, and the efficiency of
energy transfer processes. So, even if the AG is positive, the reaction may still occur spontaneously,
as the absorption of light energy can drive reactions that would not be thermodynamically favourable
based solely on the ground-state thermodynamics.

Finally, the formation of electronically excited states, which have different energy levels and reactivity

compared to the ground state, can broadened the number of accessible reactions.

1.5.3 How to conduct a photochemical reaction

General consideration to take into account when approaching a photochemical reaction are the
importance of the determination of the absorption band of the reagent or a no-competitive region
to guarantee the chromatically orthogonality, the absence of any physical interferences between the
photon source and the target substrate or reagent (generally, vessel’s walls and solvents selected need
to be transparent to the desired range of wavelengths), and of chemical interferences in the excited

states, that could provoke premature quenching and no reaction.!>

Another important aspect is the configuration of the system, with the light source placed at the
cotrrect distance to the reaction mixture so that there are no non-irradiated zone nor lost irradiation,
and the maximum light intensity can reach the medium, accordingly to the inverse-square law of
light. If not possible, reflective surfaces or mirrors strategically placed around the reaction vessel
could help redirect and enhance light intensity, ensuring more uniform illumination of the reaction
mixture. Therefore, also the reactor design and geometry play an important role. Several
advancemens in the matter, and consequent advantages provided by the combination of
photochemistry and flowchemistry (i.e. photoflow) will be discussed in the next chapter (1.6
Combining technologies).

In the early stages of photochemical investigations, the absence of artificial light sources posed a
significant challenge. Researchers had to rely on sunlight as the sole source of irradiation for their
reactions. This limitation resulted in long irradiation times, as reaction flasks were exposed to direct
fluctuant sunlight (i.e. insolation process) for extended periods, with impact of external factors such
as temperature variations, whether and geographic location that could change reaction rate. The
advent of specialized lamps, such as mercury vapor lamps, and more recently LED lamps, allowed
researchers to overcome these obstacles and achieve greater control over reaction conditions, thus
tackling reproducibility problems and leading to more precise investigations and advancements in

the field of photochemistry.
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Light sources

In organic chemistry, the wavelength range of interest generally corresponds to ultraviolet (UV) and
visible (Vis) light, between 200 and 1000 nm (near IR).

Common light sources used in photochemistry include mercury vapor lamps, xenon lamps, halogen
lamps, and UV lamps. Light-emitting diodes (LEDs) are becoming increasingly popular due to their
energy efficiency and tuneable but narrow spectra.

UV light provided by medium- and low-pressure mercury lamps, with his high energy, was profitably
used for the direct activation of organic compounds that allow many important reactions such as
[2+2] cycloaddition, Norrish-type reactions and the homolytic cleavage of C-C bonds, but it can be
more challenging to handle, and by-products formation is enhanced. The same outcome, with the
potential formation of byproducts, is provided by the use of high-pressure mercury lamps, that emits
light across a broad range of wavelengths from UV to visible light.

In this context, the advent of compact LEDs, constructed using layered crystalline semiconductor
materials which form a p-n junction at the interface of two types of semiconductors and that
generates light through and electroluminescence process, provided number of advantages.!> Their
small size enables precise alighment with reactants, ensuring efficient light absorption and interaction
with the desired chemical species, they consume less power and generate less heat, resulting in
reduced energy costs and better temperature control within the reactor. Moreover, they have a
narrow wavelength range, typically around 10-30 nm, that guarantees precise and specific emission,
and since the wavelength of the emitted light depends on the material characteristics, they can be
very versatile. Finally, LEDs intensity can be easily tuned, and they can be easily integrated into

different reactor designs, thanks to the overmentioned characteristics (Figure 1.15).

Figure 1.15 Kessil LED light irradiating a reaction (left), 385 nm LEDs on Syrris Asia Photochemistry module (right)

Solvents

Solvents used in photochemical reactions are typically chosen to be transparent to the specific range
of wavelengths required for the reaction. Common solvents used in organic chemistry, such as
acetonitrile, methanol, or dichloromethane, are generally transparent to a wide range of UV and
visible light (Table 1.3). A useful parameter is the Ajm, the wavelength at which a 1 cm layer of solvent
absorbs 90% of the of the light.!>¢ The choice of the solvent must be in accordance with the reagent

used, taking into account that reagents at their excited state present different properties compared to

55



the corresponding ground state. Important factors such as solvent stabilization of transition states

and intermediates need to be considered.!5’

Table 1.3 Cut-off wavelength of common solvents

Solvent Mim
acetonitrile 190
n-hexane 195
methanol 205
diethyl ether 215
ethyl acetate 255
dimethylsulfoxide 265
benzene 280
pyridine 305
acetone 330

Reactors

Transparent materials, such as borosilicate glass or quartz, are commonly used to construct reaction
vessels for photochemical experiments. The Aim, wavelength at which a Imm layer of the glass
absorbs 90% of the light is around 300 nm for Pyrex glass.

Simple Pyrex vessel or immersion well reactors are exploited in batch photochemistry.

Whereas, different materials and configurations are adopted if the photochemical reaction is
conducted in combination with other technologies (i.e. flow chemistry), that exploits pumps for
circulating the solution. For example, fluorinated ethylene propylene (FEP) tubing coiled around the
light source, parallel tube reactor, and microchip reactors with LED modules irradiating both sides.
In the latter case, problems related to mixing, and the volume irradiated in larger-diameter reactors

(as in scale-up), derived from Bouguer—Lambert—Beer law, can be minimized.!8

1.5.4 Photochemistry in synthesis

There are several different types of photochemical reactions that can occur when molecules or
compounds are exposed to light. Some of the major types include photo-induced rearrangements,
isomerization, photo-addition, -dissociation or -substitution, redox reaction, photolysis,
photopolymerization, but a more general distinction can be done by identifying the role of the

photoexcited molecule:

1) Direct photochemical reactions, where the substrate or a reagent that can directly absorb
light subsequently undergo a chemical transformation (bond breaking, bond formation,
rearrangements, or other chemical processes); two examples of these activation mode are
carvone intramolecular [24+2] cycloaddition (Scheme 1.11, Example a),'>? firstly reported by

Ciamician in 1908, and cis-trans isomerization of stilbene (Scheme 1.11, Example b).!%
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Scheme 1.11 Examples of two direct photochemical reactions

In certain cases, direct activation in photochemical reactions can involve the formation of an
electron donor-acceptor (EDA) complex. In this case, there is a strong interaction between
an electron donor molecule and an electron acceptor molecule, that reduces gap HOMO-

LUMO thus favouring the activation.!¢!

Sensitized photochemical reactions: a photocatalyst (also called photosensitizer) absorbs
the incident photon and transfers its energy — generally by emission of a photon - to a substrate
or the reagent, which then undergoes the chemical transformation. The sensitizer serves as an
intermediary, efficiently absorbing light energy, characterized by a longer excited-state lifetime,
enhancing the efficiency of energy transfer to the substrate or reagent. This type of reaction
expands the range of compounds that can undergo photochemical reactions by enabling
species that do not absorb at the desired wavelength. This process is commonly achieved
through non-radiative energy transfer pathways, such as Forster resonance energy transfer
(FRET) or Dexter energy transfer. In the latter, direct electrons exchange occurs after donor

and acceptor’s orbitals overlap.162

Photoinduced electron transfer reactions: the photocatalyst (i.e. photoredox catalyst)
undergoes an electron transfer and participates in a redox reaction, resulting in a change in
their oxidation states. The absorption of light by the photocatalyst molecule generates an
excited state that can undergo electron transfer with a suitable electron donor or acceptor
molecule (catalysts can act as both an oxidant and reductant in their excited state), leading to
the formation of radical species (anions or cations, or even neutral) or the generation of
charged intermediates, which can subsequently undergo various chemical reactions. Metal-
based ruthenium(II) and iridium(III) photoredox catalyst complexed with several homoleptic
ot heteroleptic polypyridyl ligands have been commonly used for the scope,!'é? but recent
interests in this research field are directed to the use of organic dyes as photoredox catalysts,
as they presents enhanced tunability, functional group compatibility, and ease of modification.
Moreover, the exploitation of more earth abundant metals, such as copper, molybdenum,

chromium and iron is being explored, as well as the development of multicatalytic strategies.!#
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Photocatalysis is experiencing a renaissance in recent years, and a remarkable attention is put in the
discovery of new activation patways, that result in an expanded scope for synthetic protocols
development by harnessing the power of visible light.’%> This allows the selective activation of
specific bonds or functional groups, enabling the formation of molecules previously challenging to
access using traditional thermal methods.!® These techniques include processes such as single-
electron transfer (SET) and hydrogen atom transfer (HAT),!” which is able to provide the
straightforward activation of R—H (R = C, Si, S) bonds. An example of HAT reaction, applied to the
hydroalkylation of nitroolefins will be presented within this thesis work (Chapter 2.4).

Generally, synthetic methodologies enabled by photocatalysis are in continuous expansion. These go
from the formation of challenging C-C,1%8169 and C-N,'” a-amino functionalizations,!” cross-
coupling reactions,!”? cyclization reactions,!” to the generation of a vast array of reactive

intermediates such as radicals, carbenes, and nitrenes under mild reaction conditions.17*

As anticipated when exploring the reactors used in photochemistry, one of the main challenge in the
field is related to scalability. New alternatives, new reactors and systems can be found in literature
daily,!7>17¢ as well as guidelines for the correct draft of sectorial articles, with important and technical
details of the set-up required for reproduce an experiment, aimed toward a standardization of
processes.!”’

Challenges related to versatility, availability of different systems and lamps, and therefore in the
reproducibility of experiments, are highlighted in different literature papers. One example is the effect
of total supplied energy dose and light intensity on reaction kinetics (Bunsen-Roscoe law), which is
not often considered.

Photoflow technology can be an option to tackle some of the problems, and there is a lot of
excitement around this theme. More details will be given in Chapter 1.6, dedicated to combined
technologies. This approach can be useful to address critical aspects, and to transfer procedures from
laboratory to pharmaceutical industry, making this powerful tool a well-established, reliable

technique.
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1.6 Combining technologies (let them flow!)

As continuation of the previous chapter, some insight and details over combined photo and flow
processes — will be given, as they were also profitable applied in one of the projects presented in this
thesis work (Chapter 2.4).

Following, an overview of some others combined enabling techniques, already singularly discussed,

will be provided, as they constitute one of the main recent advances in organic synthetic strategies.

Photo-flow

One of the reasons of this new flourishing era that photochemistry is living is also due to the
possibility of a synergic combination with continuous flow chemistry. The simultaneous exploitation
of the two techniques holds the credit for an enhanced light penetration and homogeneous energy
distribution, derived from microtubings that ensures that a larger fraction of the reaction mixture is

exposed to the light source; fast mixing, due to the small size of the reactor; efficient heat dissipation

preventing unwanted side reactions or degradation; precise control over reaction parameters, thus

allowing for a rapid optimization and fine-tuning of conditions; improved reaction selectivity and
reproducibility, as consequence of the enhanced mass, heat and photon transfer provided
microchannels; straightforward scalability, that can be achieved with longer operating times and
continuous introduction of starting materials or by a numbering-up (internally or externally) using
parallel reactors; improved safety, thanks to the confined reaction volume and minimized risk of
accidental exposure to high-intensity light sources. Another advantage is provided by recent advances
in LEDs technology, that provide compact and easily adaptable light source for flow reactors.!78
Moreover, several reactors were developed for specifically handling multiphase reactions in flow and
can be adapted also for photochemical processes, such as basic single channel microreactors with
transparent polymer-based capillaries, falling film, continuous stirred-tank reactor, or membrane
microreactors.!” In addition, thin layers of semiconductor heterogenous species in reactors are
increasingly being used as photocatalyst, such as TiO2 Bi,O3, cadmium sulfide/ selenide and graphitic
carbon nitrides.!8%

Finally, several efforts have been made in the development of integrated platforms for high-
throughput experimentation of photochemical transformations, as well as the integration with
algorithms for self-optimization and automation.!%

The importance of this continuously expanding research field is also endorsed by the possibility to

pinpoint many of the 12 Green Chemistry Principles through these combined techniques. '8!

To report an example of light driven reaction coupled with continuous flow conditions, in Scheme
1.12 is described an enantioselective a-alkylation of aldehydes, a recent work by Molnér et al.,!8? that
I have seen developing during my abroad period at Graz University. To this aim, no photoredox
catalyst was used, but a chiral organocatalyst (diarylprolinol) responsible for enamine-mediated

activation of the aldehyde.
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Scheme 1.12 Enantioselective a-alkylation of aldehydes

One-pot flow

Already intrinsically advantageous one-pot strategies can be further expanded when conducted in
flow, in particular one-pot stepwise synthesis of small molecules or cascade reactions.!®> Complex
synthesis pathways can be achieved, enabling the synthesis of intricate compounds that may be
challenging or impractical to pursue using traditional batch methods. Overall enhancements in

efficiency and productivity, reaction control, and excellent mixing and heating complete the picture.

An example of continuous-flow one-pot processes is represented by 1,3 polar cycloaddition of
alkynes with TMSCH2NHD,, reported in the below Scheme 1.13.13% In particular, the method involves
the continuous flow formation of trimethylsilyldiazomethane from the corresponding amine, and
subsequent alkyne addition to the obtained crude reaction mixture, affording the synthesis of

different pyrazones in good yield.
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Scheme 1.13 One-pot cycloaddition of alkynes with TMSCH>NH.

Flow-microwave

The application of continuous flow technologies changed the future perspectives of microwave
chemistry. The possibility to minimize limited penetration depth of microwaves into absorbing
media, that strongly mined scale-up processes, can be accomplished by the development of glass-
based microreactor, Kevlar-reinforced coils, or microcapillary reactor positioned in a microwave
cavity. On the other hand, microwave irradiation provides high temperature very quickly, and
uniform heating.'® This increase the energy efficiency, reliability and reproducibility of processes.
These two synergistic processes are often coupled with the use of immobilized catalyst, coated onto

the capillaries.!8
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One example of microwave-flow synthesis was provided by Musio et al.,'8 involving the synthesis
of B-lactams starting from 2-diazoketones reacted with amines and imines, after the in-situ generation
of highly reactive ketenes (Scheme 1.14). The products were obtained in moderate to good yields

and with a preferential #ans-configuration.
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Scheme 1.14 Flow synthesis of f-lactams

Solid supported catalysis and flow

Heterogeneous catalysis in flow was already briefly discussed when presenting the general
instrumentation used in continuous synthesis (Chapter 1.4.2).

Solid-supported species are inert materials, generally organic or inorganic polymers that can be
functionalized with different catalyst, such as organic, organometallic, metallic or enzymatic.

Beside packed-bed flow reactors, heterogeneous catalysis can be achieved using wall-coated flow
reactors, where the catalyst is immobilized on the walls of the reactor, and monolithic flow reactors,
that present a honeycomb-like structure of polymeric or inorganic materials with interconnected
channels through where the solution flows.!® Each of these methods present advantages and
disadvantages: in packed-bed reactors a high catalyst loading that can provide enhanced reaction rate
can be deterred by a fluid dynamic often unpredictable, frequent leaching or deactivation of the
catalyst; wall coated reactors provide good mass transfer and reduces occurrence of clogging
episodes, but the catalyst loading is quite low if compared to the others techniques; monolithic
reactors present high efficiency in mass transfer and tolerance of high flow rate, on the other hand
pores clogging can occur. Alternative approaches in the field of biocatalysis have been recently
presented, utilizing heterogeneous biocatalysts as a mobile phase, with the development of

segmented hydrogel/organic solvent system.!s?

Herein, it is reported a remarkable and efficient combination of continuous flow and different
column-packed heterogeneous catalysts, to achieve the multistep enantioselective preparation of (R)-
and (S)-rolipram, achieved by Kobayashi and co-workers (Scheme 1.15). The product was obtained
after eight steps conducted in flow, without any separation co-products, by-products, and excess

reagents and without isolation of intermediates, exploiting real-time monitoring during the process.!*

61



3 3 in toluene

i : COOMe
 Ph. S(io \OJ‘Phi coome EtN
3 N N~

' Ph Ph 0.11 M 0.12M

Asymmetric 1,4-addition
PS-PyBOX-CaCl,

(0]
H  Meno,
MeO 0.12M | 50 uL/min 75°C 0°C
0.1 M Q | NO, Q NO,
in toluene O]©/r O;@/@,COOMe
MeO MeO COOMe
96% ee
42.6 mg/h productivity
998 mg in 24 h (50 % yield) " Nitro reduction/
2 lactamization

Pd/DMPSi-C

3 mL/min

'ous"
MeOD (S)-Rolipram

Hydrolysis/
decarboxylation

100 pL/min

Si-COOH

120 °C

10 pL/min

Scheme 1.15 Multistep flow synthesis of (§)-Rolipram

The above-enlisted technologies are often cross-linked, integrated like puzzle pieces, and
simultaneously exploited, thus demonstrating that the synergic combination of enabling technologies
is one of the hot topics in organic synthesis, and an exciting road toward future advancements in

research field.
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2 Nitroolefins as key
building blocks in

organic synthesis
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2.1 Nitro compounds

Research in the chemistry of nitro compounds has a long history, dating back to the early 19th
century, and proceeding with the elucidation of different properties of the functional group.

Nitro compounds, aliphatic or aromatic, play a significant role in synthesis, as they are crucial and
versatile building blocks and synthetic intermediates for the preparation of active scaffolds that finds
application in pharmaceuticals, agricultural chemicals, polymers, dyes, and explosives. Every year,
millions of tons of nitro compounds are synthesized and consumed worldwide.

Their unique reactivity, electron-withdrawing nature, and ability to undergo various transformations
make them valuable tools for the construction of complex organic molecules, including natural
products.!

N-containing heterocycles are regarded as privileged structures due to their prevalence in biologically
active compounds and their ability to interact with biological targets. In fact, this synthetic
chameleon, as the nitro group is often referred to, can be converted into other useful functionalities,
such as carbonyl, formyl, acyl, cyano, and amino groups, or it can be removed selectively.?

Opverall, the extreme electron-withdrawing power of the nitro functionality makes it effective at
acidifying geminal protons, enabling their selective deprotonation using mild bases as catalyst. The
resulting anions behave as stabilized, soft carbanions, exhibiting reactivity that can be harnessed in
vatious transformations, including the Henry reaction and Michael additions.?

Among nitro compounds, nitroarenes surely had a major role in chemistry development, as precursor
of aromatic amines, but the interest towards aliphatic nitro compounds has progressively grown over
the years.

Nowadays, the attention is focused on the development of new selective and safe synthetic methods
for their preparation, the control of their reactivity and stereochemistry, with an eye on the use of
more compatible solvents and reduction of waste production, in line with the Twelve Principle of

Green Chemistry.

2.1.1 Aliphatic nitro compounds: important syntheses and reactivity

Aliphatic nitro compounds represent a valuable and versatile class in organic synthesis. For this

reason, a number of approaches have been developed to access their synthesis.

Nitroalkanes

Generally, nitroalkanes can be synthesized upon direct nitration of aliphatic hydrocarbons, activated
hydrocarbons via anionic intermediates, alkenes and ketones; nitration of alkyl halides or alcohol
derivatives (mesylates or tosylates) using metal nitrites; and conversion from other functionalities,

such as carbonyls, amines, oximes, azides, etc.

The introduction of nitro group via direct nitration is a widely used and powerful transformation for

aromatic compounds, whereas saturated non-activated aliphatic hydrocarbons are usually inert
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towards conventional nitrating agents under ambient conditions. For this reason, the nitration of
alkanes is typically carried out using harsh methodologies that involve the use of excess nitrogen
dioxide or nitric acid at elevated temperatures ranging from 250 to 450 °C. These conditions are
required to induce thermal alkane C-H bond scission, generating alkyl radicals. However, this process
often leads to undesired cleavage of the alkane's carbon-carbon (C-C) skeleton, resulting in poor
selectivity for the desired nitroalkane products and formation of byproducts. In the last two decades,
several groups focused on the development of new processes, such as the use of nitrogen dioxide or
nitric acid and N-hydroxyphthalimide (NHPI) as catalyst in the presence of Oz under mild conditions
proposed by Ishi et al,%> and a vanadium-substituted Keggin-type phosphomolybdates-catalized
method developed by Yamaguchi et al. for the nitration of alkanes and alkylbenzenes using nitric
acid in acetic acid.® More recently, Peng et al.” presented a selective C-H nitration using nontoxic and
inexpensive metal nitrate [Fe(NO3)3-9H2O], serving as both precursor catalyst and nitro source, even
though more studies need to be done to increase the product’s yield and to expand the substrate

scope.

One of the most important methods for the preparation of aliphatic nitro compounds is the nitration
of alkyl halides with metal nitrites. To this scope, silver, potassium or sodium nitrites are frequently
used in Victor-Meyer reaction (AgNO3)® and Kornblum reaction (KNO3z, NaNOz, Scheme 2.1),%10

respectively.

X NaNO, (1.7 eq) NO, ONO
+
—_—
R” "R DMF R™ "R R™ "R!
55-62%

Scheme 2.1 Kornblum nitroalkanes preparation from alkyl halides and sodium nitrite

Kornblum’s work allowed the synthesis of a variety of primary and secondary nitroalkanes, obtained
in good yield at room temperature. Alkylnitrites were identified as the most abundant by-products,
but the use of DMF as solvent was able to enhance sodium nitrite solubility and to minimize further
possible side reactions.

Advancement toward more efficient and sustainable processes were made over the years, and in 2004
Ballini e# a/1112 presented a variation of the Victor-Meyer reaction for the conversion of aliphatic and
benzylic halides into the correspond nitro compounds in aqueous medium in short reaction times
and under mild conditions, thus allowing the preservation of other functionalities (Scheme 2.2,

Example a).
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a)

)X AgNO,/H,0 NO,
R rtor 60 °C R
xeBe 0.5-1.25h 53.93%
b)
)X NaNO,/PEG 400 NO,
R t, 1.5-24h R
X=Br,[l 54-76%

Scheme 2.2 Sustainable methods for the preparation of nitroalkanes

Important improvements were documented few years later by the same group,!® with the
chemoselective synthesis of primary nitroalkanes in good yield, using sodium nitrite in polyethylene

glycol (PEG 400)!* as green solvent at room temperature (Scheme 2.2, Example b).

Other interesting methods include the nucleophilic displacement of tosylates and mesylates, thus
expanding the chemical space for nitroalkane synthesis to readily available alcohols. Products can be
obtained in two steps, with the conversion from tosylated (or mesylated) intermediate proceeding
with commercially available tetrabutyl ammonium nitrite (BusNNOy) in toluene at room

temperature, in less than 3 hours (Scheme 2.3).15

,
OR Bu,NNO, (1.5 eq.) )Noz
R Toluene, rt, 2.5 h R
R=Alky! 48-66%
R'=Ts, Ms

Scheme 2.3 Direct conversion of tosylates/mesylates into nitroalkanes

Valuable alternatives for the synthesis of are represented by the oxidation of primary amines. To
serve this scope, various reagents including ozone, NaMnOg4, KMnOs, peracetic acid, meta-
chloroperbenzoic acid (MCPBA) and dimethyldioxirane can be employed. In this context, a
pioneering example was provided by Keinan et al.!® with the ozonation at low temperature upon
absorption of amines on dry silica, that provided nitroalkanes in 65-70% yield. This paved the way
for the development of recent continuous flow procedures (Figure 2.1),'-1 able to safely handle

unstable and explosive ozonides and peroxides that can be generated within the process.

Other significant methodologies involve the conversion of carbonyl into nitro compounds (retro Nef
reaction), achieved upon oxidation of oximes,?*?! and oxidation of azides.”? A new sustainable
method has been recently presented by Chu et al,? involving a Titanium-Silicate 1 (TS-1) catalyzed
oxidation of oximes and a new tandem oxidation of ketones with H,O, and NHj3, with some

encouraging preliminary results on the feasibility of the process.
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Extraction

14 Dry with high pressure O,
H for 20 mins I

o—— N2

1* cycle: 60% yield”
2" cycle: 59% yield
3" cycle: 62% yield
++ | 50% MeoH

H 50% DCM

Figure 2.1 Example of recent ozonation flow procedure, adaptation of Keinan synthesis, by Skrotzki et al.

Figure taken from ref. 1

The electron-withdrawing effect due to the presence of the nitro group confers to primary and
secondary nitroalkanes characteristic capability to generate stabilized carbanions, specifically
nitronate anions, under basic conditions. This nitronate anions are commonly employed as
nucleophiles, leading to the formation of both C-C single bonds and C=C double bonds, through
Henry and Michael reactions, that will be discussed in the next sections.?*?> Moreover, the versatility
of nitroalkanes extends to their ability to undergo various transformations, allowing for the
conversion of the nitro group into different functional groups, 1?6 such as amines,?” oximes,??’
nitriles,® and carbonyl detivatives, 3! or removed upon denitration (Scheme 2.4).32 As a result, the
obtained adducts can serve as strategic substrate for a variety of purposes, from the synthesis of
substituted nitroalkanes to more complex molecular structures. This broad range of transformations

provides wide opportunities for the synthesis of diverse compounds.*

o NH,
)]\ R R NH
RTR R” “R!
CN \ T / NOH
RTORT T~ NO, - RJ\R1

CNO — R)\R1

R)\R1 ~_ NoH

/ R)LR1
)FZSN\OI; ;[ \R R’

N

R” "R!

Scheme 2.4 Nitro group conversion into different funtionalities

Nitroalkenes

Nitroolefins are generally prepared following two main methods: by direct nitration of a preformed

double bond (Scheme 2.5, example a), or by elimination of suitable leaving groups at either o or §

positions to the nitro functionality of a molecule, such as a f-nitroalcohol, after a nitro-aldol reaction
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between a carbonyl compound and nitroalkane, i.e. Henty reaction (Scheme 2.5, example b).3* The
latter, one of the most adopted strategies for their synthesis, will be also discussed in the following
sections, dedicated to some particular class of nitroalkenes, namely p-nitroenones (2.2.1) and p-

nitroacrylates (2.1.4).

NO, X
\%\ - \%\
b)
NO, NO, NO,
)\k —_— )\(

LG

=z

_—

LG

Scheme 2.5 Main approaches for the synthesis of nitroolefins

Direct nitration is a well-established and effective, but quite challenging methodology. Many
progresses have been done in the development of new nitrating agents, but poor stereoselectivity
and group tolerance still represents the main drawback.

Earlier approaches used nitrogen oxides, in particular nitrogen monoxide (NO),3>% however, they
bearded several disadvantages, such as difficult handling and severe toxicity. In 2010, an iron
mediated nitration reaction was proposed by Taniguchi and coworkes, enabling the synthesis of the
desired nitroolefins via elimination of the formed halo-nitro compounds intermediate. The method
involved the radical addition of NO,, generated in situ through thermal decomposition of

Fe(NO5);-9H,0 (Scheme 2.6).

R2 Fe(NO3)3-9H,0 (1.2 eq.) R2 _ R?
FeCls or LiCl (1.5 eq.) Cl NO LiOH-H,0 (10 eq.)
R R 2| g N2
THF or MeCN R reflux, 0.25-3 h i
reflux, 1-3 h

Scheme 2.6 Synthesis of nitroolefins using Fe(NO3)3-9H-O

Important contributions to the field was provided by Maiti and researchers, with the development
of several protocols.?”-¥ Among them, two significant ones: an efficient and stereoselective nitration
of mono-, di-, trisubstitued olefins in high yields and exclusively in (E) configuration, obtained using
silver nitrite (AgNO3) and 2,2,6,6-tetramethyl-piperidine-1-oxyl (TEMPO), with an extended
substrate scope and great functional groups tolerance (Scheme 2.7, Example 2);*% and a more
sustainable, stereoselective metal-free procedure, exploiting tert-butyl nitrite (#BuONO) and
TEMPO conducted in the presence of air, applicable to a broad range of olefins (Scheme 2.7,
Example b).4!
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R2 AgNO, (3 eq.) R2

TEMPO (0.4 eq.)
R R1J\(N02

R DCE, 70 °C, 24 h

R 5597%
b)
R2 R2
t-BuONO/TEMPO
R1 X R1J\(N02
R 1,4-dioxane, 90°C, air
R o
46-89 %

Scheme 2.7 Selective approaches for the formation of nitroolefins

A more recent contribution was provided by Reddy and Corey, for the nitration of cycloalkenes,*?

afforded by the in-situ generation of triflyl nitrate.

Other approaches include the nitrodecarboxylation of aromatic g f-unsaturated carboxylic acids,
exploiting their large availability and variability, inhert safety and easy storage of these substrate,*

and the nitration of arylboronic acids.

As anticipated, nitro-aldol condensation (Henry reaction) is one of the most widely used approach
for the formation of nitroolefins. It involves a reaction between a carbonyl compound and a
nitroalkane, in the presence of a basic catalyst, generally under mild conditions. Once the f-nitro
alcohol is formed it can undergo dehydration to afford nitroalkenes, when an acidic a-proton is
available (Scheme 2.8).

NO Ost.0 NO
2 B: \ﬂN\ 2 R1
R7ISH < R
BH R™“H R?

Scheme 2.8 General mechanism of Henry reaction

The reaction includes two steps, but when aromatic aldehydes are used with nitroalkanes, the result
is the straightforward formation of the product, since the elimination of water is driven by the
formation of conjugated double bond. Whereas, reactions with aliphatic aldehydes and subsequent
dehydration can be carried out under different conditions,? in homogeneous and heterogeneous
systems, protic and aprotic solvents and solventless conditions, and in combination with advanced
enabling technologies, depending on factors such as the type of functionality present, the solubility
of the reactants, and the ease of nitronate generation.?®

In fact, since its first appearance in 1895,% many protocols have been envisaged. Initially, the
preferred catalysts for facilitating nitroaldol reactions were typically alkoxide or hydroxide derivatives
employed in alcoholic or aqueous solvent systems. In the case of structurally simple substrates,
ammonia and various amines have also proven to be effective in nitroaldol condensation, leading to
the formation of nitroolefins (Scheme 2.9, Examples a-b). Tertiary amines are capable of

promoting the formation of B-nitroalcohols, however, for reaction of higher nitroalkanes with both
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aldehydes and ketones, better results are achieved by employing stronger bases such as 1,1,3,3-
tetramethylguanidine (TMG) and 1,8-Diazabicyclo[5.4.0lundec-7-ene (DBU) (Scheme 2.9,
Example c).

a)

N CH3NO, m
! g Yo \ d \ NO,

NH40Ac, AcOH, 80 °C

b)
R1
@Ao CH3NO, 0 CH3CH,NO, @/\(
R o~ NH, R NO2
30-70%
EtOH, reflux
Base= TMG, neat, 85% yield
DBU, neat 72% yield
c)
PN pase Iy
AIIyIOOC\/(/~)7\/N02 + ~Yy ——— A||y|oocvwe\
0-25°C
NO,

Scheme 2.9 a) aldol condensation of furfural using ammonium acetate for the production of natural alkaloids,* b) synthesis

of arylnitroalkenes promoted by n-butylamine, 7 ¢) Henry reaction promoted by TMG or DBU

Over the years, many solid supported reagents (SSR) have been investigated by Ballini and
researchers, in order to achieve more environmentally sustainable transformations, with particular
attention on solvents employment, and catalysts recovery and reuse. Furthermore, the use of solid
supported species reduces the subsequent reactions work-ups to simple filtration. This is particularly
useful in this case, in order to avoid acidification usually need in homogeneous systems, and further
possible undesired Nef reaction.*® Few examples are reported in Scheme 2.10, regarding the usage,
in all case without solvent, of commercial and inexpensive Ambetlyst® A21% N,N-
diethylpropylamine on amorphous silica (KG-60-NEt;),> and  Si-carbonate [silica
trimethylammonium carbonate; Si-TMS(CO372)05].5! The reactions required mild conditions and

afforted the desired f-nitroalcohols, respectively in 70-90%, 75-94%and 58-87% yield.

Amberlyst® A21 or
NO2 0 KG-60-NEtyor INSOLUTE  R_| 2
R7OR! H)]\Rz R
neat OH

R2

Scheme 2.10 Solid supported Henry reactions

Other interesting solid supported system were proposed by Rokhum’s research group,* in particular
one using polymer supported DMAP (10 mol%),3 and leading to products formation in high yield
at room temperature, with the possibility to recycle the catalyst up to 5 times. The same group

recently proposed the use of biowaste derived Musa acuminata (banana) peel ash (MAPA) as
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heterogeneous catalyst, > able to provide a variety of f-nitroalcohols in excellent yield within 15-30
minutes.
Also, the use of fluoride anion has been explored to this scope, both as free potassium fluoride in

alcoholic solvent,> and supported on alumina.>

The subsequent dehydration to afford nitroolefins can be carried out exploiting different reagents,
such as dicyclohexylcarbodiimide, trifluoracetic anhydride with thiethylamine, basic alumina,®

mesyl chloride with triethylamine (Scheme 2.11).3-60

a)

OH
DCC, CuCl (cat
R)\/Noz B ey R XxNO2

Et20, rt 40-81%
R=n-Pr, i-Pr, cyclohexyl, t-Bu
b)
o TFAA, NEt
R)\/NOZ P8 R X NO2
R=Me, CH,0Bn DCM, 0 Ctort 52-82%
C
) OH , H
R basic Al;,03 )\(W
R —Q——————™ R 0
DCM, 40 °C 60-85%
NO, NO,
d)
OH H
R R! _MsCLNEty R)\(W 30-80%
DCM, 0 °
NO, CM,0°C NO,

Scheme 2.11 Principal methods for 8-nitroalcohol dehydration

Nitroolefins exhibit high versatility and remarkable reactivity, primarily attributed to the electron-
withdrawing nature of the nitro group. The presence of the nitro group directly attached to an olefinic
carbon atom creates an electron-deficient double bond, which acts as a highly reactive Michael
acceptor capable of undergoing addition reactions with various nucleophiles.??*

Nitroalkens compounds play a crucial role in the construction of new carbon-carbon bond, as
extremely reactive species in pivotal processes, such as Diels—Alder cycloaddition,®! Morita—Baylis—
Hillman reaction,%? and Stetter reaction,’® making them valuable intermediates in the synthesis of
important heterocyclic systems and biologically active molecules (Scheme 2.12).9* The unique feature
of nitroolefins, allowing for the introduction of additional functionalities directly linked to the double
bond or at specific key positions, greatly enhances their synthetic utility. This capability enables the
efficient synthesis of complex molecular structures in a one-pot manner and/or under mild reaction
conditions. The versatility and control offered by these transformations facilitate the development

of efficient and streamlined synthetic routes to diverse and functionally-rich compounds.
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Scheme 2.12 Some synthetic application of B-nitroolefins

2.1.2 Bnitroenones

Figure 2.2 General structure of a 8-nitroenone

f-nitroenones (Figure 2.2) are particular subclass of nitroolefins that over the last years have proven
to be valuable and versatile building block for a variety of highly functionalized materials.
The resonance structures reported below (Scheme 2.13) put in evidence the presence of two possible

nucleophilic centers and three electrophilic ones.

o © o
® 0:2.0 ©. o® o0 090
0 080 o XN ©q Os

| >
RJ\®)\R1 RJ\Q/B\W

p-nitroenones

Scheme 2.13 Resonance structures of B-nitroenones

Generally, when a nucleophile species is present, the first attack preferentially occurs on the «
position, thanks to the enhanced electron withdrawing character of the nitro group in respect to the
ketone. Moreover, when employing a di-nucleophilic compound, it becomes possible to exploit an
additional electrophilic center to achieve ring closure (Scheme 2.14). In fact, they have been

extensively utilized for the synthesis of various heterocyclic systems.

0:+.0 0s+.0° 0:+.0

O N Nu O °N Nu-Nu (0] \IN

Nu Nu )
f-nitroenones Nu

Scheme 2.14 Nucleophilic and di-nucleophilic attack on 3-nitroenones
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f-nitroenones can be smoothly prepared by a three-step synthetic pathway, starting from an alkyl or
aryl glyoxal and a nitroalkane. These compounds undergo a Henry addition (Scheme 2.15, Step 1),
and the outcoming nitro-alcohol product is subsequently treated with acetic anhydride and an acidic
promoter to provide an acetylated intermediate (Scheme 2.15, Step 2). The last step is an acetic acid

elimination, which occurs under basic conditions (Scheme 2.15, Step 3), to produce the targeted -

nitroenone.
(0] O NO, O NO, O NO,
H +
R)H( + RI_NO, _ Base RMW _ A0 H RMW _ Base RJ\/\W
(0] Step 1 OH Step 2 OAc Step 3
R = alkyl, aryl B-nitroenones

Scheme 2.15 Preparation of f-nitroenones

For what concerns their applicability, they have been proficiently used for the asymmetric
derivatization of indoles and pyrroles,% and for the formation of skipped dienes in a enantioselective
olefination-elimination reaction sequence, when in combination with aldehydes.® They can also be
subjected to nucleophilic addition for the preparation of f-nitroketones,®” and they can be involved
in the a-alkenylation of f-ketoesters,® thanks to the reverse reactivity of the a-carbon provided by
the presence of the nitro group.

Furthermore, they have been exploited by our research group to yield 1,4 diketones,® which are
useful precursor of heterocyclic systems, with the retainment of the multipotent nitro functionality,
and to obtain functionalized p-nitroketones by a chemoselective reduction of the double bond.”
Additionally, they have proven to be effective starting materials, with a-functionalized ketones, for
the preparation of substituted furans,” pivotal scaffold of many bioactive compounds.

Recently, a new reactivity of these compounds has been discovered by our team, when treating them
with metal allylating agents. In this case, the carbonyl group is involved in the reaction, leading to the
formation of the corresponding homoallylic alcohols. Moreover, a subsequent dehydration can give
access to a conjugated nitrotriene system.”?

It is important to underline that many of these recent works focus their attention not only to the
production of the targeted compounds, but also to the employment of green methodologies, such as

one-pot processes, sustainable solvents or neat conditions, and heterogeneous catalysis.

As we will discuss below, they are also valuable precursor of f-nitro-g,y-unsaturated ketones, that
were profitably applied in two of the project presented in this thesis work, i.e. in Chapter 2.2 and
2.3.
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2.1.3 B-nitro-B, ;-unsaturated ketones

0 NO,

R A
R4

Figure 2.3 General structure of 3-nitro-§,y-unsaturated ketones

p-nitro-f,p-unsaturated ketones (Figure 2.3) constitute a special subclass of nitroolefins, and for this
reason they can undergo to the characteristic reactions of these compounds and, additionally, the

presence of the ketone group opens new space for further functionalization.

Unfortunately, there are not many synthetic procedures for their synthesis, all marked by poor
versatility and limited substrate scope. The methods reported in the literature include the elimination
of hydrobromic acid from y-brominated f-nitroketones,’’* Morita-Baylis-Hillman (MBH) coupling

between nitroolefins and dicarbonyl compounds,” or via nitration of allenyl ketones.”®

Though, in recent years, our research group has developed an efficient synthesis of f-nitro-g,y-
unsaturated ketones by isomerization of f-nitroenones, exploiting MW irradiation.”” An example of

the synthesis, with optimized conditions, is provided in Scheme 2.16.

0 O NO,
NO, — =
EtOH
0.1M 120 °C MW

Scheme 2.16 Synthesis of B-nitro-(3,y-unsaturated ketones starting from B-nitroenones

When irradiating a solution of the starting material, an isomerization from g to f,y occurs. This
transformation is achieved with enhanced product yield and better diastereoselectivity when

performed using alcoholic solvents.

More recently, a visible-light driven isomerization of f-nitroenones to the respective f-nitro-g,y-

enones has been documented.”

[-nitro-f,p-unsaturated ketones reactivity is currently subject of explorations and represents an
important topic of this thesis work. In fact, this interesting class of compounds has already proven
to be valuable for the synthesis of bioactive heterocyclic systems and relevant frameworks present in
many drugs, such as pyrroles,’”” carbazoles (Chapter 2.2),” and conjugated dienones (Chapter 2.3).8°
Anew, f-nitro-f,y-unsaturated ketones were exploited by our research group for the synthesis of

substituted pyridazines,’! in a one-pot two-step procedure.
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2.1.4 B-nitroacrylates

0 R

ROMNO

Figure 2.4 General structure of f-nitroacrylates

2

Similarly to f-nitroenones, f-nitroacrylates (Figure 2.4) constitutes a highly reactive class of electron-
poor alkenes. The molecular framework in the structure offers several opportunities in term reactivity
and further manipulation and functionalization, due to the presence of both nucleophilic and
electrophilic centers. The presence of both functionalities, ester and nitro, on the compound
enhances its ability to act as an exceptional Micheal acceptor, while the carboxylic group remains

unreactive.

Generally, they are obtained by direct nitration of acrylic esters with different nitrating agents, or by
dehydration of the corresponding nitro alcohols.

The latter is the most practical one, as the nitro alcohols can be obtained either by radical nitration
of acrylates using ceric ammonium nitrate (CAN) and NaNOy, or by Henry reaction starting from a
nitroalkane and a glyoxalates, employing Amberlyst® A21 in EtOAc at room temperature (Scheme
2.17).

Recent sustainable heterogeneous approach

3 KF/A1,0;3 0 NO2 Amberlyst® 15 3
i [ Etoa 1 Ac,0 |
Ul 2ann ROJH/LR 1501 :
! OAc ! Henry reaction
. ‘ o 3
(0] ’ I (o] R . (0] NO, ® ' i
Direct nitration Dehydration Amberlyst® A21 | )j\r(H 1 '
- -— R NO, !
ROJ\/\W Ro/u\/l\No2 ROJ\H\R1 EtOAc, it | RO g o ;
B -nitroacrylates OH ! 3
CAN-NaNO, T
MeCN, 0°C

Scheme 2.17 Procedures for the preparation of B-nitroacrylates

Nitro-alcohols intermediates can be efficiently converted into the target f-nitroacrylates using a two
steps sustainable procedure of recent discover, that involves heterogenencous catalysts (i.e.,
Ambetlyst® 15 and KF/ALOj3),%2 solventless and mild conditions,® thus avoiding the low
temperature and toxic reagents requited by McMurty procedure, commonly used for the scope.?’
The method provide p-nitroacrylates in excellent yield on the overall process (92-99%), and
diasteroselectivity (E:Z>96:4).

The attractive chemistry of these compounds has been profoundly explored during the last decades,
leading to their employment for the construction of a different range of heterocycles,®% drug

molecules,? as well as highly functionalized species,?8889 useful for further transformation and
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manipulation (Scheme 2.18). Generally, the development of these processes always tried to involve
green protocols, such as one-pot reactions,” continuous flow synthesis,”! supported systems,’?
photochemical transformations,” neat conditions or sustainable solvents,”% or a combination of all

these methodologies.%%7

0O NO,
Ro)k(kw o
o] XR2
X=§ or NH RW 2
H
©:N o) o R’y ~COOR
X= S or NR;
uIr“ o
NO; 0 R ROOC, R?
0. 0 )’I\/\ 1 / Y 4
SO A TV
N7 R R?
H

R EWG, COOR
= I\
| Z~__OR R R2 R!
N R3 R! X
RZ
(o] X=SorNRj3
Y, I \__oR
N~ R N
o H H o
OR

Scheme 2.18 B-nitroacrylates as building block for the synthesis of polyfunctionalized molecules

In my thesis work, f-nitroacrylates were profitably used to explore their reactivities under
photochemical conditions, with a development of a process for their hydroalkylation both in batch
and flow (Chapter 2.4).%8

91



2.2 Thesis work: One-pot synthesis of polysubstituted
carbazoles

The results presented in this section are adapted from:

A New and Effective One-Pot Synthesis of Polysubstituted Carbazoles Starting from 3-Nitro-3,y-
Unsaturated-Ketones and Indoles, Lupidi, G., Bassetti, B., Ballini, R., Petrini, M., Palmieri, A., Asian

. Org. Chem. 2021, 10, 1-5

2.2.1 Introduction

Carbazole alkaloids (1) have been extensively studied and are characterized by a polycyclic nitrogen-
containing system consisting of two fused benzene rings and a central pyrrole unit, with the nitrogen
atom showing extensive electron delocalization. Carbazole alkaloids are naturally occurring
compounds that are primarily found in plants, fungi, and marine organisms. These compounds are
highly significant due to their diverse range of applications (Figure 2.5). They exhibit a multitude of
biological activities, including anti-tuberculosis, anti-viral,”® anti-inflammatory, anti-cancer, and anti-
bactetial properties.!'® Additionally, the carbazole scaffold finds applications in material sciences,
particularly as dyes and conductive polymers. They have been employed as transistors, enabling the
development of electronic devices with improved performance. Moreover, among other applications,

these polymers have been used in the creation of smart windows and light-emitting diodes and solar

Carbazole structure (1)

cells.

Carvedilol P <
B-blocker, heart disease .

cl 3
R
SUTEEEERRAYS S
N !
H OH : cN
Me .

i N
: CoH
Carprofen ' 275
anti-inflammatory \ C2Hs
Pharmaceuticals Application in OLEDs

Figure 2.5 Carbazoles application in different fields
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The literature has seen a growing number of studies focusing on expanding the synthetic toolbox for
accessing carbazole derivatives with diverse chemical functionalities, due to their versatility. In fact,
in recent years, there has been a notable interest in developing efficient and selective synthetic
strategies. These methods often involve the functionalization of different positions on a pre-existing
carbazole scaffold, allowing for the introduction of various substituents or functional groups, but
regioselectivity problems occurs frequently and only simple substituents can be introduced. Another
approach is the use simple building blocks to achieve the formation of complex polysubstituted
carbazole structures. In this case, the limited availability of substrate with suitable substituted carbon
backbone can greatly influence the feasibility and success of the synthetic approach.

Based on this, numerous approaches were developed by leveraging electron-rich heteroaromatic
indole core, as readily accessible starting materials.!”! Moreover, the possibility offered by a post-
synthetic modification on the reactive C-2 and C-3 positions of the indole ring, significantly broaden
the number of accessible carbazoles derivatives.

Examples of this approach are provided in Scheme 2.19. In the first case, Verma and co-workers
(Scheme 2.19, Example a)!®? obtained substituted carbazoles in good yields after three
regioselective successive oxidative Heck reaction, and subsequent cyclization, starting from alkenes
and non-protected indoles. In the second case, the regioselective formation of carbazoles was
achieved by Wang et al.1 (Scheme 2.19, Example b) through a NBS-catalyzed intermolecular
annulation of acetyl indoles with alkynes, conducted under mild conditions. A recent strategy,
envisaged by Deng et al.,'* involve a metal-free three component one-pot synthesis of substituted
carbazoles, starting from indoles, aromatic ketones, and electron deficient alkenes (Scheme 2.19,
Example c). Different functional groups on the alkene determines the formation of different di/tri-
substituted carbazoles, with an ester group transfer phenomenon from C-1 to C-2 in one case, and
the target formation upon decarboxylation in the second. Carbazoles products were obtained in good

yield, regioselectivity, and group tolerance, but long reaction time are required.
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a)

PACl,, PPh3
e oy o0
R N DMF/DMSO (5:1) R N

100 °C, 16 h H

R= COOMe,COOEt, COO"Bu, COMe, Ph
R'=H, Br, OMe, NO, vinyl, aryl

R3
2 | NBSTBHP
R’ ) | R?
N THP, 80 °C
|

up to 70% yield

b)

R R*

up to 97% yield
R= H, Me, Bn, Ac; R'= Me, Et, Cl, F, Br, OMe, COOEt
R2= CN, COOEt, COMe, CONHPh; R%/R*= Aryl, Alkyl

c) R®= 0-Bu, 0i-Bu,

OEt OBn, OPh
3
fo) a) NH,l, PhCF3 COR
)k ) air, 160 °C, 30h Me up to76% yield
\ Me R [1s,6s] sigmatropic shift
R N ]

o} b) KI, TsOH, DMSO

|
R 3 H,0, Oy,
R 160 °C, 36h
Me 3
R®= Ot-Bu, OH,
NH,, CI .
2 up to 72% yield

decarboxylation

Scheme 2.19 Examples of carbazoles synthetic approaches from indoles

Polyfunctionalized nitroolefins, specifically p-nitroacrylates and p-nitroenones, have emerged as
valuable building blocks in the synthesis of structurally diverse homo- and heteroaromatic substituted
systems, offering a versatile and efficient route to access structurally diverse compounds with tailored
properties and potential applications in various fields.

In this context, and in continuation with our work on the reactivity of nitroolefins, the use of f-nitro-
B,y-unsaturated ketones (2), recently proved to be effective for the synthesis of polysubstituted
pyrroles (Scheme 2.20).105

NO,

O NO,
4 R N” Ry H.0 R N 1
2 R4 MeCN, rt, 2 h ] - h2 |
Ry - HNO, R,

Scheme 2.20 Synthesis of polysubstituted carbazoles from B-nitro-8,y-unsaturated ketones

The presence of the two electrophilic centers in 1,4 postitions makes these compounds a source of

1,3 diene synthons, and the aromatization potential of the formed intermediate, by elimination of
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HNO: and H>O, offers strategic opportunities for the construction of complex molecules with
desired functionalities.

With this knowledge in our hands, the application of this subclass of functionalized nitroolefins, in
combination with indoles (3) provided access to the multipotent carbazoles scaffold, in a one-pot

regioselective synthesis (Scheme 2.21).

1,3-diene synthon

Py
-
A

A

R1

G 4
\ ()

RM‘t + R2 R2 N 4
H R

Scheme 2.21 Synthesis of polysubstituted carbazoles

2.2.2 Results and discussion

The one-pot protocol for synthesizing the title compound 1 involves a two sequential steps, as
explained in the proposed mechanism reported in Scheme 2.22. In the first one, a Friedel-Craft
reaction takes place between g-nitro-g,y-unsaturated ketones 2 and indole 3, leading to the formation
of intermediate 4. In the second step of the reaction sequence, a domino intramolecular Friedel-

Crafts cyclization and aromatization process occurs, resulting in the formation of a new ring, namely

R1
NO, O NO,
M Step 1

the final product 1.

2 N\/_\‘
RO
3 2 H O 4
Step 2
R1
£ O \
-H0 3
N
-HNO, ° H RrOH

Scheme 2.22 One-pot preparation of carbazoles

With the aim of finding the optimal conditions for the synthesis we started investigating the two

steps separately.
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Firstly, we selected the two starting materials, nitroolefins 2a and indole 3a, as model compounds
for the investigation of the first step. The initial attempt was performed using basic alumina under
solvent-free conditions (neat) at 60 °C (Scheme 2.23, conditions a), previously applied by our

research group for the addition of nitroalkenes to indole core structures. 06107

Step 1
O NO, a) Me NO, Me,
A
e % basic Al,O4 { mPh
¢ N . N~ Ph o]
H neat, 60 °C, 3h B (0] H
2a 3a 4a
5
47%

b) basic Al,O3 4a 55%

SolFC, r.t., 24h

) — > 4a 92%
CF;CH,OH, rt., 8h

d) 4a 45%

(CF3),CHOH, rt., 2h

Scheme 2.23 First step investigations

Despite the reaction’s overall effectiveness, it was observed that the intermediate 4a exhibited
instability under the given conditions. Consequently, a direct isolation of the unsaturated ketone 5
was achieved, in 47% vyield. Unfortunately, the E-configuration of the double bond displayed by
compound 5 was not suitable for the subsequent cyclization (Step 2), highlighting the importance of
achieving the desired stereochemistry in in the eatlier stages of the reaction sequence.

The reaction was repeated at room temperature (Scheme 2.23, conditions b), and this time the
desired intermediate 4a was obtained in 55% after 24 hours, with observation of unreacted starting
materials. However, even when the amount of basic alumina employed was modified, no notable
improvements in the reaction were observed.

Hence, drawing inspiration from an article published by Crousse et al.,!% which discusses the use of
fluorinated solvents to enhance the Friedel-Crafts reaction between indoles and nitroalkenes, we
decided to investigate their applicability to our specific process. In particular, we tested 2,2,2-
trifluoroethanol (TFE) and hexafluoro-2-propanol (HFIP). In the first case, the reaction underwent
completion in 8 hours, resulting in a 92% yield of compound 4a (Scheme 2.23, conditions c). On
the other hand, when HFIP was used as solvent, the substrates were consumed within two hours,
but the giving only 4a in 45% yield. Additionally, a complex mixture of inseparable by-products was
detected (Scheme 2.23, conditions d).

By using fluorinated solvents in the process, we likely created an environment that promoted the

reactivity of nitroolefins, thus leading to the observed regioselectivity.

The successful outcome achieved with TFE in Step 1 prompted us to shift our attention toward the

conversion of compound 4a into the titled target 1a (Step 2), as summarized in (Table 2.1).
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To achieve our goal, and based on our previous investigation regarding cyclization process facilitated

by Ambetlyst® 15,1011 we proceeded by directly adding this heterogeneous acid catalyst to the TFE

solution obtained during Step 1.

Me N02
’: j\ Ph: L

N

N 0

Table 2.1 Second step optimization

Step 2

Acidic species

Solvent, time (h)

temperature (°C) MW

4a 1a
Entry Acidic species g/mmol Solvent T[°CCIMW  t[h] 3ayield [%]

1 Amberlyst® 15 1 TFE 90 2 -

2 Ambertlyst® 15 1 EtOH 90 4 54

3 Ambetlyst® 15 1 #-PrOH 90 4 60

4 Ambetlyst® 15 1 2-MeTHF 90 3 63

5 Ambetlyst® 15 1 EtOAc 90 4 36

6 Ambetlyst® 15 1 MeCN 90 4 18

7 Amberlyst® 15 1 DCM 90 4 19

8 Amberlyst® 15 1 Toluene 90 4 26

9 Amberlyst® 15 1.2 2-MeTHF 90 3 68
10 Amberlyst® 15 1.4 2-MeTHF 90 3 67
1n Amberlyst® 15 1.2 2-MeTHF 100 3 75
12 Ambetlyst® 15 1.2 2-MeTHF 110 3 73
13 p-TSOH-H,O 0.29 2-MeTHF 100 3 57
14 Acidic AL,O3 1.2 2-MeTHF 100 3 Traces
15 Mont. K10 1.2 2-MeTHF 100 3 19
16 Zeolite HSZ-320 1.2 2-MeTHF 100 3 11
17 - 2-MeTHF 100 3 -

Unfortunately, the reaction at room temperature proved to be ineffective, and upon warming the

reaction mixture at 90 °C with microwave irradiation a mixture of degradation by-products was

obtained, instead of the desired carbazole 1a (Table 2.1, Entry 1).

Our reaction conditions screening proceeded initially with the search of other possible solvents, and

to this scope TFE was removed under vacuum, and replaced with alternative reaction media (Table

2.1, Entries 2-8). Then, the attention was focused on the amount of the acidic species and on the

reaction temperature (Table 2.1, Entries 9-12).

Among the solvents tested, 2-MeTHF exhibited superior performance in promoting the desired

transformation of compound 4a into carbazole 1a. In particulat, the best result was obtained at 100°C

with microwave itradiation, in the presence of 1.2 g/mmol of Ambetlyst® 15 as catalyst, and with a

reaction time of 3 hours, yielding carbazole 1a in 75% (Table 2.1, Entry 11).
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When exploring the use of other acidic species, only p-toluenesulfonic acid (p-TSOH-H2O, Table
2.1, Entry 13) exhibited acceptable but worst results compared to Ambetlyst® 15, while acidic
alumina (Acidic ALO3, Table 2.1, Entry 14) provided the unsaturated ketone 5 as main product.
When using montmorillonite K10 (Mont. K10) and zeolite HSZ-320 the formation of product 1a
was obsetved in traces or in very low yield (Table 2.1, Entries 15-16), with the presence of unreacted
adduct 4a (75%).

Finally, the total absence of any acidic species resulted in no conversion at all of compound 4a into
carbazole 1a (Table 2.1, Entry 17), underscoring the critical role of acid catalyst in promoting the
desired transformation, indicating that its presence is essential for initiating and driving the cyclization
and aromatization process.

In addition, we also explored the direct conversion of compounds 2a and 3a into carbazole 1a, under
the optimized reaction conditions established for Step 2. However, the results obtained were not
favorable, with an ineffective conversion observed at room temperature, and a negligible yield of 9%
when performing the reaction at 100 °C, indicating that the solvent change is of primary importance

for the process to be successful.

Afterwards, the generality of our protocol under optimized conditions for the two coupled steps was
proven using a variety of nitroolefins 2 and indoles 3 on a 1 mmol scale, providing in all cases the
isolation of the products 1a-m from good to very good yield (55-78 %, Scheme 2.24). To further
validate the scalability of the reaction, the conversion of compound 4a into carbazole 1a was also
repeated on a 2 mmol scale, with a comparable result of 73% to the 75% yield obtained on the 1
mmol scale.

The ability to react of various indoles, included 7-alkylindoles, broadens the substrate scope and
applicability of our reaction conditions. For what concerns electrophilic nitroolefins 1, they can bear
terminal unsaturation or alkyl groups at the nitroalkene moiety (R'=H, alkyl). However, while our
reaction conditions support different aryl groups (R? = aryl), when alkyl frameworks are present in
the ketone moiety (R = alkyl) our reaction conditions have shown limited effectiveness (Scheme
2.24).

While acknowledging the limitations concerning alkyl substituent, our procedure allows the efficient
one-pot synthesis of a structurally significant array of 1,4-disubstitued carbazoles, starting from easily
accessible starting materials such as indoles and $-nitro-3,y-unsaturated ketones.

By employing sustainable solvents such as TFE and 2-MeTHF in the respective reaction steps, and
implementing a solid-supported catalyst (i.e. Amberlyst® 15), that minimize the materials and energy
consumption, and wastes generated by aqueous work-ups, the protocol demonstrates a commitment
to green chemistry principles. Moreover, the one-pot protocol allows for the efficient synthesis of
the title compounds, avoiding the need for separate reaction steps or isolation of intermediates,

providing a streamlined pathway to access the desired compounds in a single synthetic operation.
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Scheme 2.24 Carbazoles substrate scope
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2.2.3 Experimental section

General procedure for the synthesis of carbazoles 1a-m

A trifluoroethanolic solution (4 mL) of the proper indole 3 (1.2 mmol) and nitroolefin 2 (1 mmol)
was stirred, in a 20 mL microwave vial, at room temperature for 8 hours. Subsequently, the solvent
was removed under vacuum and the residue intermediate 4 was resolubilized in 2-MeTHF (10 mL),
treated with Amberlyst 15 (1.2 g) and irradiated by means of a Biotage® Initiator at 100°C for 3
hours. Finally, Amberlyst 15 was filtered off and washed with EtOAc (20 mL), the solvent was
evaporated under reduced pressure and the crude product 1 was purified by flash column
chromatography (hexane:ethylacetate = 95:5).

Spectroscopic data la-m

Compound 1a

Yield 75% (193 mg). White solid, m.p. = 94-96°C. IR (cm'!, neat): 701, 724, 1247, 1318, 1453, 1580,
3429. TH-NMR (CDCls, 400MHz) 8: 2.95 (s, 3H), 7.11-7.14 (m, 1H), 7.25-7.31 (m, 1H), 7.37 (d, ] =
7.4Hz, 1H), 7.41-7.46 (m, 3H), 7.54-7.58 (m, 2H), 7.67-7.70 (m, 2H), 8.24 (d, ] = 7.9Hz, 1H), 8.37
(bs, 1H). BC-NMR (CDCls, 100MHz) 8: 21.0, 110.7, 119.7, 121.6, 122.3, 122.9, 124.4, 125.6, 125.8,
127.6,128.7, 129.5, 132.9, 137.4, 139.4, 139.7. GC-MS (70eV): 72/ % : 257 (IM*], 100), 241 (16), 180
(10), 127 (14). Anal. Calcd. for Ciy HisN (257.12): C, 88.68; H, 5.88; N, 5.44. Found: C, 88.63; H,
5.91; N, 5.46.

Compound 1b

Yield 68% (184 mg). White solid, m.p. = 107-109°C. IR (cm, neat): 503, 736, 800, 1251, 1318,
1378, 1457, 1501, 1584, 1600, 3029, 3053, 3413, 3433. 'TH-NMR (CDCls, 400MHz) 8: 2.50 (s, 3H),
2.96 (s, 3H), 7.14 (d, ] = 7.4Hz, 1H), 7.29-7.32 (m, 1H), 7.36-7.40 (m, 3H), 7.44-7.46 (m, 2H), 7.59-
7.61 (m, 2H), 8.26 (d, ] =7.9Hz, 1H), 8.37 (bs, 1H). BC-NMR (CDCl;, 100MHz) 8: 21.0, 21.5, 110.7,
119.7, 121.6, 122.3, 122.9, 124.5, 125.5, 125.7, 128.6, 130.2, 132.7, 136.5, 137.4, 139.7. GC-MS
(70eV): m/ 2 : 271 (]M*], 100), 254 (17), 127 (10). Anal. Calcd. for CxH7N (271.13): C, 88.52; H,
6.31; N, 5.16. Found: C, 88.56; H, 6.28; N, 5.11.

Compound 1c

Yield 65% (179 mg). Pale yellow solid, m.p. = 129-132°C. IR (cm!, neat): 731, 812, 836, 1160, 1208,
1458, 1495, 1596, 3050, 3459. TH-NMR (CDCl;, 400MHz) &: 2.94 (s, 3H), 7.12 (d, ] = 7.4Hz, 1H),
7.21-7.33 (m, 4H), 7.44 (d, ] = 3.9Hz, 2H), 7.60-7.66 (m, 2H), 8.24 (d, | = 8.4Hz, 2H). BC-NMR
(CDCl3;, 100MHz) 8: 21.0, 110.8, 116.3, 116.5, 119.9, 121.7, 121.9, 122.4, 122.9, 124.4, 125.7, 125.8,
130.2, 130.3, 133.1, 135.3, 135.4, 137.4, 139.7, 161.2, 163.7. GC-MS (70eV): 7/ % : 275 (]M*], 100),
259 (11), 180 (6), 137 (7). Anal. Calcd. for CioHuFN (275.33): C, 82.89; H, 5.13; N, 5.09. Found:
C, 82.93; H, 5.10; N, 5.07.

Compound 1d

Yield 55% (134 mg). Yellow solid, m.p. = 126-128°C. IR (cm, neat): 701, 752, 1057, 231, 1322,
1410, 1435, 1505, 2907, 2990, 3061, 3437. TH-NMR (CDCl3, 400MHz) 8: 7.26-7.30 (m, 1H), 7.36 (t,
J = 7.6Hz, 1H), 7.41-7.49 (m, 4H), 7.58 (t, ] = 7.6Hz, 2H), 7.72 (d, ] = 7.1Hz, 2H), 8.10-8.15 (m,
2H), 8.33 (bs, 1H). BC-NMR (CDCls, 100MHz) 8: 110.9, 119.7, 119.8, 120.2, 120.7, 123.8, 124.0,
125.3, 126.0, 26.2, 127.8, 128.6, 129.5, 137.5, 139.3, 139.7. GC-MS (70eV): 7/ 3 : 243 ([M*], 100),
120 (13). Anal. Calcd. For Cis HisN (243.10): C, 88.86; H, 5.39; N, 5.76. Found: C, 88.91; H, 5.42;
N, 5.79.
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Compound 1e

Yield 71% (192 mg). Pale yellow solid, m.p. = 105-109 °C. IR (cm’, neat): 701, 748, 788, 1065,
1235, 133, 1382, 1437, 1489, 1580, 3053, 3453. 'TH-NMR (CDCl3, 400MHz) &: 2.56 (s, 3H), 2.95 (s,
3H), 7.12-7.14 (m, 1H), 7.20-7.28 (m, 2H), 7.36 (d, | = 7.4Hz, 1H), 7.45-7.49 (m, 1H), 7.59 (t, ] =
7.6Hz, 2H), 7.72-7.74 (m, 2H), 8.10 (d, ] = 7.6Hz, 1H), 8.22 (bs, 1H). BC-NMR (CDCl;, 100MHz)
8:17.2,21.0, 119.8, 119.9, 120.6, 121.7, 123.0, 123.9, 125.8, 126.2, 127.6, 128.6, 129.6, 133.0, 137.2,
139.0, 139.6. GC-MS (70eV): m/z : 271 (]M*], 100), 254 (17), 194 (4), 127 (10). Anal. Calcd. for
CxHpN (271.13): C, 88.52; H, 6.31; N, 5.16. Found: C, 88.56; H, 6.34; N, 5.19.

Compound 1f

Yield 70% (200 mg). Pale yellow sticky oil. IR (cm!, neat): 574, 705, 760, 800, 1247, 1299, 1394,
1473, 1520, 1580, 3025, 3437. ITH-NMR (CDCl;, 400MHz) 8: 1.56 (t, ] = 7.5Hz, 3H), 2.61 (s, 3H),
3.36 (q, ] = 7.5Hz, 2H), 7.17 (d, ] = 7.5Hz, 1H), 7.26-7.29 (m, 1H), 7.33-7.35 (m, 1H), 7.40 (d, ] =
7.5Hz, 1H), 7.43-7.48 (m, 1H), 7.56-7.60 (m, 2H), 7.70-7.73 (m, 2H), 8.02 (s, 1H), 8.30 (bs, 1H). 13C-
NMR (CDCl3,100MHz) &: 14.4, 22.0, 27.5, 110.4, 119.5, 121.5, 122.9, 123.0, 124.0, 125.8, 126.9,
127.6,128.7,129.0, 129.5, 137.9, 138.0, 139.2, 139.5. GC-MS (70eV): 7/ 3 : 285 (]M*], 100), 270 (90),
254 (23). Anal. Calcd. for C;HN (285.15): C, 88.38; H, 6.71; N, 4.91. Found: C, 88.42; H, 6.74;
N, 4.94.

Compound 1g

Yield 69% (187 mg). White solid, m.p. = 166-169°C. IR (cm!, neat): 573, 703, 762, 802, 1019, 1054,
1251, 1299, 1393, 1441, 1472, 1519, 1583, 1602, 3026, 3057, 2440. TH-NMR (CDCl;, 400MHz) &:
2.58 (s, 3H), 2.94 (s, 3H), 7.09-7.11 (m, 1H), 7.25-7.27 (m, 1H), 7.32-7.35(m, 2H), 7.42-7.46 (m, 1H),
7.56 (t, ] = 7.7Hz, 2H), 7.67-7.70 (m, 2H), 8.02 (m, 1H), 8.21 (bs, 1H). BC-NMR (CDCl;, 100MHzx)
8:21.1,21.9,110.3, 121.4, 122.2, 122.8, 122.9, 124.6, 125.6, 126.9, 127.5, 128.7, 128.9, 129.5, 132.9,
137.78, 137.9, 139.5. GC-MS (70eV): 7/ : 271 (IM*], 100), 254 (17), 127 (10). Anal. Calcd. for
C0Hyp7N (271.13): C, 88.52; H, 6.31; N, 5.16. Found: C, 88.49; H, 6.34; N, 5.12.

Compound 1h

Yield 78% (265 mg). Yellow solid, m.p. = 147-149°C. IR (cm, neat): 566, 797, 1070, 1102, 1122,
1163, 1321, 1476, 1613, 3042, 3444, 3484. TH-NMR (CDCls, 400MHz) 8: 2.56 (s, 3H), 2.93 (s, 3H),
7.10 (d, ] = 7.4Hz, 1H), 7.22-7.27 (m, 1H), 7.29-7.35 (m, 2H), 7.79 (s, 4H), 8.00 (s, 1H), 8.18 (bs,
1H). BC-NMR (CDCl;, 100MHz) 8: 21.1, 21.9, 110.4, 121.3, 121.6, 122.5, 122.9, 123.1, 124.5, 125.7,
126.3, 126.4, 127.1, 128.9, 129.2, 133.9, 137.5, 137.9, 143.2. GC-MS (70eV): 7/ % : 339 (]M*], 100),
324 (10), 268 (9), 254 (9). Anal. Calcd. for C21H1sF3N (339.36): C, 74.33; H, 4.75; N, 4.13. Found:
C,74.37; H, 4.78; N, 4.9.

Compound 1i

Yield 73% (210 mg). Pale yellow sticky oil. IR (cm, neat): 705, 760, 808, 1033, 1168, 1211, 1283,
1295, 1473, 1520, 1584, 3029, 3057, 3358, 3429. tTH-NMR (CDCl;, 400MHz) &: 2.94 (s, 3H), 3.96 (s,
3H), 7.08-7.11 (m, 2H), 7.33-7.35 (m, 2H), 7.41-7.45 (m, 1H), 7.54-7.57 (m, 2H), 7.68-7.70 (m, 2H),
7.76 (d, ] = 2.5Hz, 1H), 8.23 (bs, 1H). BC-NMR (CDCl;, 100MHz) 8: 21.0, 56.4, 106.7, 111.2, 114.0,
121.3, 122.4, 123.0, 124.9, 125.8, 127.6, 128.7, 129.5, 132.9, 134.7, 138.3, 139.4, 154.0. GC-MS
(70eV): m/% : 287 (IM*], 100), 272 (88), 244 (17), 230 (9), 121 (9). Anal. Calcd. for CoHNO
(287.13): C, 83.59; H, 5.96; N, 4.87. Found: C, 83.63; H, 5.99; N, 4.90.

Compound 1j

Yield 72% (228 mg). White solid, m.p. = 138-140°C. IR (cm™, neat): 514, 796, 867, 1026, 1033,
1168, 1208, 1235, 1295, 1437, 1469, 1501, 1572, 1600, 3002, 3342. TH-NMR (CDCl;, 400MHz) &:
2.95 (s, 3H), 3.90 (s, 3H), 3.97 (s, 3H), 7.07-7.12 (m, 4H), 7.30-7.35 (m, 2H), 7.61 (d, ] = 8.6Hz, 2H),
7.76 (d, ] = 2.1 Hz, 1H), 8.25 (bs, 1H). BC-NMR (CDCls, 100MHz) 8: 20.9, 55.6, 56.5, 106.7, 111.2,
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114.0, 114.9, 121.2, 122.3, 122.8, 125.0, 125.7. 129.7, 131.8, 132.4, 134.7, 138.4, 154.0, 159.2. GC-
MS (70eV): /% : 317 (IM*], 100), 302 (69), 286 (3), 258 (7), 230 (7). Anal. Calcd. for C;HsNO,
(317.14): C, 79.47; H, 6.03; N, 4.41. Found: C, 79.51; H, 6.04; N, 4.38.

Compound 1k

Yield 56% (219 mg). Pale yellow oil. IR (cm!, neat): 701, 728, 804, 1033, 1208, 1295, 1481, 1501,
1580, 3025, 3358, 3433. tTH-NMR (CDCls, 400MHz) 8: 2.48 (s, 3H), 3.20-3.24 (m,2H), 3.56-3.61 (m,
2H), 3.91 (s, 3H), 7.09-7.12 (m, 2H), 7.27-7.30 (m, 1H), 7.34-7.42 (m, 8H), 7.59-7.61 (m, 2H), 7.74
(d, ] = 2.4Hz, 1H), 8.28 (bs, 1H). 3C-NMR (CDCl;, 100MHz) 8: 21.5, 36.3, 36.6, 56.3, 106.3, 111.4,
114.4,120.5, 121.6, 123.4, 124.1, 125.8, 126.3, 128.5, 128.7, 128.8, 130.2, 134.7, 136.4, 136.5, 137 4,
138.7, 142.2, 154.1. GC-MS (70eV): /% : 391 (]M*], 30), 300 (100), 257 (15). Anal. Calcd. for
CasHsNO (391.19): C, 85.90; H, 6.44; N, 3.58. Found: C, 85.94; H, 6.47; N, 3.61.

Compound 11

Yield 61% (182 mg). White solid, m.p. = 154-156°C IR (cm, neat): 518, 750, 806, 1074, 1230,
1314, 1378, 1425, 1504, 1579, 3022, 3053, 3459, 3475. T H-NMR (CDCl;, 400MHz) 8: 1.40 (t, ] =
7.6Hz, 3H), 2.49 (s, 3H), 2.90-2.92 (m, 2H), 2.93 (s, 3H) 7.10-7.12 (m, 1H), 7.23-7.30 (m, 2H), 7.33
(d,J = 7.4Hz, 1H), 7.40 (d, ] = 7.8Hz, 2H), 7.61 (d, ] = 8.0Hz, 2H), 8.10 (d, ] = 7.6Hz, 1H), 8.24 (bs,
1H). BC-NMR (CDCl;,100MHz) &: 13.9, 21.0, 21.5, 24.3, 120.0, 120.5, 121.6, 122.9, 124.1, 125.06,
125.9, 128.4, 130.3, 132.7, 1306.6, 137.3, 138.2. GC-MS (70eV): 7/ 7 : 299 (IM*], 100), 284 (62), 268
(17), 254 (7). Anal. Calcd. for CHxnN (299.16): C, 88.25; H, 7.07; N, 4.68. Found: C, 88.29; H,
7.11; N, 4.71.

Compound 1m

Yield 66% (192 mg). White solid, m.p. = 126-128°C. IR (cm'!, neat): 681, 732, 800, 851, 1069, 1231,
1299, 1386, 1421, 1493, 1580, 1608, 3061, 3449. 'TH-NMR (CDCl3,400MHz) &: 1.47 (t, ] = 7.6Hz,
3H), 2.94 (s, 3H), 2.99 (q, ] = 7.6Hz, 2H), 7.09-7.11 (m, 1H), 7.26-7.35 (m, 3H), 7.44-7.46 (m, 2H),
7.51 (d, ] = 7.5Hz, 1H), 8.11 (d, ] = 7.7 Hz, 1H) 8.55 (bs, 1H). BC-NMR (CDCl; 100MHz) 8: 14.0,
21.0, 24.4, 115.8, 120.3, 120.6, 121.7, 123.2, 124.0, 124.4, 124.6, 125.0, 125.5, 126.1, 128.4, 133.6,
136.8,138.3, 141.7. GC-MS (70eV): 7/ 2 : 291 (]M*], 100), 276 (72), 261 (12), 228 (7). Anal. Calcd.
for C1oH7NS (291.10): C, 78.31; H, 5.88; N, 4.81; S, 11.00. Found: C, 78.35; H, 5.91; N, 4.78; §,
10.97.

Spectroscopic data of compounds 4a and 5

Compound 4a.

Yellow solid, m.p. = 166-169°C. IR (cm!, neat): 542, 693, 740, 863, 1014, 1239, 1330, 1378, 1449,
1540, 1687, 2914, 3061, 3406. 'TH-NMR (CDCls;, 400MHz) 3: 1.49 (d, /] = 7.2Hz, 3H), 3.06 (dd, | =
18.3, 2.5Hz, 1H), 3.97 (dd, ] = 18.3, 10.6Hz, 1H), 4.07-4.13 (m, 1H), 5.61-5.65 (m, 1H), 7.10 (d, =
2.4Hz, 1H), 7.18-7.26 (m, 2H), 7.36-7.44 (m, 3H), 7.53-7.57 (m, 1H), 7.77 (d, ] = 7.8Hz, 1H), 7.84-
7.87 (m, 2H), 8.21 (bs, 1H). BC-NMR (CDCl;, 100MHz) &: 14.9, 34.9, 36.4, 86.1,111.8,115.6, 118.9,
120.4, 122.0, 123.0, 126.3, 128.3, 128.9, 133.9, 136.2, 136.6, 196.0. GC-MS (70eV): 72/ % : 275 ((M],
100), 258 (32), 230 (6), 170 (93), 154 (25), 128 (13), 105 (99), 77 (55). Anal. Calcd. for C1yH1sN203
(322.13): C,70.79; H, 5.63; N, 8.69. Found: C, 70.75; H, 5.62; N, 8.66.

Compound 5.

Dark yellow sticky oil. IR (cm, neat): 693, 740, 1006, 1101, 1212, 1259, 1283, 1338, 1417, 1449,
1612, 1663, 2867, 2930, 2966, 3057, 3410. tTH-NMR (CDCls, 400MHz) 8: 1.60 (d, ] = 7.0Hz, 3H),
4.00-4.12 (m, 1H), 6.89-6.93 (m, 1H), 7.04 (d, ] = 2.4Hz, 1H), 7.12 (t, ] = 7.5Hz, 1H), 7.19-7.30 (m,
2H), 7.37-7.45 (m, 3H), 7.51-7.55 (m, 1H), 7.62 (d, ] = 7.9Hz, 1H), 7.86-7.88 (m, 2H), 8.12 (bs, 1H).
BC-NMR (CDCls, 100MHz) 8: 20.1, 34.4, 111.5, 118.5, 119.4, 119.7, 121.0, 122.4, 124.6, 126.7,
128.7, 128.8, 132.8, 136.7, 138.2, 153.5, 191.7. GC-MS (70eV): /5 : 275 (]M*], 100), 258 (31), 170
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(100), 143 (21), 105 (90), 77 (45). Anal. Calcd. for CHNO (275.13): C, 82.88; H, 6.22; N, 5.00.
Found: C, 82.83; H, 6.25; N, 5.10.

NMR Spectra of the described compounds can be found at: doi.org/10.1002/2ajoc.202100342

103


https://onlinelibrary.wiley.com/doi/10.1002/ajoc.202100342

2.3 Thesis work: One-pot synthesis of (E,E)-conjugated
dienones

The results presented in this section are adapted from:

Fast, Mild and Diastereoselective Conversion of f-Nitro-g,y-Unsaturated-Ketones into Conjugated
(E,E)-Dienones, Bassetti, B., Ballini, R., Petrini, M., Palmieri, A., Ady. Synth. Catal. 2023, 365, 13 —16

2.3.1 Introduction

The importance and impact of f-nitro-f,p-unsaturated ketones has been already discussed in the
previous chapters, as they constitute a versatile class of electron-poor alkenes. These compounds
serve as versatile intermediates in the synthesis of diverse heterocyclic systems, which are important
structural motifs found in many natural products and pharmaceutical compounds, and they can be
exploited for the preparation of highly functionalized molecules.

In this context, their reactivity has been subject of recent interest for our research group and our
investigations has led to the employment of these compounds for the synthesis of polysubstituted

pyrroles” and carbazoles.”

Recently, when focusing our attention on the addition of diethylmalonate on model nitroolefin 2a,
we were quite surprised to find out that applying some particular conditions the reaction did not lead
to the formation of the expected addition-elimination adduct 6a. The presence of a new species was
detected in the reaction mixture, and further NMR characterization reveal that the structure

corresponded to the conjugated dienones 7a (Scheme 2.25).

Scheme 2.25 Addition of diethylmalonate to 3-nitro-8,y-unsaturated ketones

Conjugated dienones play a critical role in organic and medicinal chemistry as they represent a
fundamental molecular architecture found in many drugs and natural products (Figure 2.6).1"° The
presence of this structural motif provides a versatile scaffold for the synthesis of complex molecules
and contributes to the biological activity and therapeutic potential of these compounds. The use and

exploration of these molecules in synthetic field have significant implications for the development of
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novel pharmaceuticals and bioactive compounds, such as monoamino oxidase B inhibitors MK1-
MK15.11

[0}

RWR1

Dienone structure (7)

777777777777777777777777777777777777777 Antifungal
Prostaglandin (immune system) antimalarial agent

Antiinflammatory Monoamino oxidase B inhibitors
antibacterial agent

Figure 2.6 Applications of conjugated dienone derivatives

Their characteristic feature is also present in the natural unsaturated prostaglandin A'214-15-deoxy-
PG-J> and in other related compounds and analogues, which are studied as anticancer agents.!!?
Conjugated dienone framework is present in the resorcylic acid lactone Radicicol,!'3 an antifungal
antibiotics which is involved in the regulation of many cellular processes, and whose derivatives
seems to exhibit antitumoral activity.!'$!1> The same antibacterial agent Sorbicillin and his
derivatives,''!17 which are investigated for different applications,!!® contain this interesting feature.
Furthermore, conjugated dienones can be also found as component in foods,'? such as in oat

groat,'2%121 and infusions.!??

Traditionally, target compounds 7 have been synthesized using well-established methods such as the

Wittig-Horner reaction (Scheme 2.26, Example a), as reported by Paulsen et al;!?* Cadierno

documented the synthesis of dienones starting from propargylic alcohol, that undergoes a ruthenium
catalyzed Meyer-Schuster rearrangement and a subsequent Knoevenagel condensation with
hexafluoropentanedione (Scheme 2.26, Example b), providing the product upon treatment with an
excess of KoCO3;124 and, to a lesser extent, by Claisen rearrangement, as reported by Giovannini et
al.!?>, that obtain the desired product starting from functionalized y-hydroxyvinyl sulfones, after a
DBU-promoted elimination of benzebsulfinic acid from 3-phenylsulfonyl ester derivatives (Scheme
2.26, Example c). However, it is worth noting that these approaches often suffer from limitations

due to their requirement for harsh reaction conditions, which can be detrimental to the presence of
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sensitive functional groups, thereby reducing the substrate scope and potentially affecting the
stereochemistry of the final products.

Attempts have been made to address these limitations with the development of new strategies, which
has brought advancements in the synthesis of conjugated dienones. However, these protocols
introduce their own challenges, including the reliance on precious and toxic metals (such as Pd, Ru,
Rh, Ir) as catalysts and the requirement for complex starting molecules.!?5127 In this sense, one
example is provided by Pan et al.'?® with the synthesis of conjugated (E, E)-dienones from palladium-
catalyzed vy,8-dehydrogenation of enones under oxygen atmosphere (Scheme 2.26, Example d).
Balancing the benefits and drawbacks of these new methodologies is crucial to ensure sustainable,

efficient, and practical approaches.

a) OEt

NaH, THF, 0 °C to rt

b) o o Oy-CFs Oy CFs
MeO. MeO MeO.
‘ OH |:3(:)]\/U\CF3 CF; K,CO3 =
= (10eq.) —
[ [Ru] (5 mol%) »
N " MeOH +
O TFA, 75 °C, 9h + H,0 reflux, 4h O CF3;CO,Me
2
MeO [Ru]=[Ru(?3-2-C3H4Me)(CO)(dppf][SbF6] MeO  ggy, MeO 84%
c)
OH
CH3C(OEt); O  SO,Ph DBU
= —_— J\/\/\
R SO CoHCOM cat  EO ZRY ThE agn . E1OT F FR!
xylene, 2h 2% up to 75%
d)
o Pd(OAc), (10 mol %) o
LI P
)J\/\/\/ NF 73%
DMSO
0,, 80 °C, 12h

Scheme 2.26 Synthetic procedures for the synthesis of conjugated dienones

2.3.2 Results and discussion

Excited and motivated by our serendipitous discovery, we started investigating the required
conditions for the conversion of B-nitro-3,y-unsaturated ketone 2a into compound 7a, that was
initially obtained, in presence of diethylmalonate, using of carbonate on silica and 2-MeTHF as
solvent, at room temperature. The effectiveness of the reaction was confirmed when the product
was isolated even if diethylmalonate was omitted from the experiment, but only in 38% yield. Besides,
a complex mixture of inseparable byproducts was detected.

106



To optimize the reaction conditions for the synthesis of our target, we focused on 2a as the model
substrate and conducted a series of preliminary trials on a 0.5 mmol scale. The screening aimed to
evaluate extensively the conversion considering various variables, such as temperature, base, acidic
species, solvent, concentration, and stoichiometry (Table 2.2).

After the results obtained using carbonate on silica, that seemed to be too reactive, we decided to
investigate the conversion conducing the trials in 2-methyltetrahydrofuran (0.05 M) and using K>CO3
(1.5 eq.) and silica (0.7 g), respectively as base and soutce of proton (Table 2.2, Entry 2).

Table 2.2 Optimization studies

[e) NO Base 0

2

(2.5 g/mmol) Additive )j\/\/

Ph/tk)\ Ph NG
M

Solvent, 60°C, Time (h)

2a 7a
Entry Base [eq.] Additive» Solvent [M] T[°C] t[h] Yield 7a [%]P

1 Carbonate on Silica [2] - 2-MeTHF [0.05] rt 4.5 38
2 K,CO;[1.5] Silica 2-MeTHEF [0.05] rt 120 42
3 K2COs3[1.5] - 2-MeTHEF [0.05] rt 120 -
4 - Silica 2-MeTHEF [0.05] rt 120 -
5 K>COs5 [1.5] Silica 2-MeTHEF [0.05] 40 35 46
6 K,COs; [1.5] Silica 2-MeTHEF [0.05] 60 19 52
7 K,COs[2] Silica 2-MeTHEF [0.05] 60 8 60
8 K,CO3[3] Silica 2-MeTHEF [0.05] 60 8 53
9 K>COs (2] Silica [0.35] 2-MeTHEF [0.05] 60 12 34
10 KF/Alumina [2] - 2-MeTHEF [0.05] 60 2 Degr.
1 SiO,-(CH,)2NEt; [2] - 2-MeTHEF [0.05] 60 24 -
12 K,COs[2] Silica MeCN [0.05] 60 5 64
13 K2COs[2] Silica EtOAc [0.05] 60 5 51
14 K,COs[2] Silica Dioxane [0.05] 60 5 43
15 Cs2COs3 (2] Silica MeCN [0.05] 60 1.5 49
16 K;PO4 (2] Silica MeCN [0.05] 60 3 52
17 KF [2] Silica MeCN [0.05] 60 7.5 48
18 K2COs[2] Silica MeCN [0.1] 60 5 58
19 K,COs[2] Silica MeCN [0.025] 60 5 73
20 K,COs[2] Silica MeCN [0.00125] 60 5 70
21 K.CO:s [2] Mont. K10 MeCN [0.025] 60 7.5 32
22 K,COs[2] Ambetlyst® 15 MeCN [0.025] 60 7 27
23 KoCOs[2] Acidic alumina MeCN [0.025] 60 7.5 9

20.7 g unless otherwise indicated
" Yield of pure isolated product

To further confirm the importance of both reagents we conducted two experiments in the absence
of the one and the other (Table 2.2, Entries 3-4), that resulted in no product formation at all.
When we tried to increase the temperature (Table 2.2, Entries 5-6) a better yield of 7a was obtained,
reaching its best outcome when 2 equivalent of potassium carbonate were used at 60 °C, with a 60%
yield in 8 hours (Table 2.2, Entry 7). Any attempts to further increase the equivalents of K>COs or
to reduce the amount of silica (T'able 2.2, Entries 8-9), had detrimental consequences.
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Later, we screened other solid supported species, such as KFF on alumina and triethylamine on silica,
which could be potentially used both as base and proton source (Table 2.2, Entries 10-11).
Potassium fluoride on basic alumina was ineffective in promoting the reaction at room temperature,
but led to the total degradation of the substrate at 60 °C. On the other hand, triethylamine on silica
resulted completely ineffective even at 60 °C.

Successively, we focused our attention on the solvents (Table 2.2, Entries 12-14), and encouraged
by the 64% yield of 7a obtained with MeCN in 5 hours (Table 2.2, Entry 12) we tested other bases,
namely Cs2CO3, K3PO4 and KF (Table 2.2, Etries 15-17), but no reaction improvement was
observed. Finally, an examination of possible reaction concentrations (Table 2.2, Entries 18-20) led
to the isolation of 7a in 73% yield, when performing the trial in a 0.025 M solution of 2a in MeCN
at 60 °C (Table 2.2, Entry 19).

In the end, other acids (Montmorillonite K10, Amberlyst® 15 and acidic alumina) were examined

(Table 2.2, Entries 20-23), but also in these cases no yield improvement was possible.

As consequence of our optimization screening, we explored the general applicability of our protocol,
testing a vatiety of f-nitro-f,y-unsaturated ketones (2aa—al) under the optimized reaction conditions
(Scheme 2.27). In all cases, the desired conjugated dienones 7aa—al were obtained with good yields,
ranging from 61% to 71%. Notably, our synthesis confirmed to be stereoselective, as the conjugated
dienones were all isolated in the I,E configuration.

Another significant advantage of our optimized, mild and metal-free reaction conditions was the
preservation of key functionalities that can be important for further manipulations. Functional
groups such as ether, ester, cyano, trifluoromethyl groups, as well as unconjugated double bonds and
chlorine atoms, remained intact during the reaction. In addition, instead of resorting to conventional
wasteful aqueous treatments, our method involves a straightforward filtration and evaporation step,
improving the efficiency of the synthetic process and also minimizing material and waste generation,
making the overall procedure more sustainable.

We also successfully demonstrated the scalability of our procedure by performing the model reaction

on a 5 mmol scale, obtaining compound 7a in 72% yield.
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O  NO, K,CO; (2 eq.)

o
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1

2a R MeCN, 60°C 7a
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X 90
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Me MeO F3C
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Scheme 2.27 Substrate scope demonstration

Overall, we proposed a reaction mechanism for the transformation, suggesting that the synthesis of
dienones 7 involves an initial deprotonation of 2 in the & allylic position to form the nitronate anion
A. This is followed by protonation of the generated nitronic acid intermediate B that provide §-
nitroketone C. Lastly, base-assisted elimination of nitrous acid from C leads to the formation of

dienones 7.1% Scheme 2.28 provides a visual representation of this plausible reaction mechanism.

%.® S S 00.®
0 NS 090 ©0.9.0H 0 NS
/3 (0] ® N (0]
R A ! — H I _ Y
J — R R =R R1~—R[\) R — g NI gt
W SRt BH A B g ¢ -BH
© B: -NO, 7
B: 2

Scheme 2.28 Proposed reaction mechanism
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2.3.3 Experimental section

General procedure for the synthesis of conjugated dienones 7a and 7aa-al

A solution of $-nitro-B,y-unsaturated ketone 2 (0.5 mmol) in MeCN (20 mL) was treated with KoCO3
(1 mmol) and silica (1.2 g), and stirred at 60°C for the appropriate time. Then, the reaction mixture
was filtered through a Gooch funnel (G2) washing the solid residue with fresh ethyl acetate (20 mL).
Finally, the filtrate was concentrated under reduced pressure to give the crude product 7, which was

purified by flash column chromatography (hexane:ethyl acetate = 95:5).

Spectroscopic data of compounds 7a and 7aa-al

Compound 7a

Yield 73% (58 mg). Pale yellow oil. IR (cm™, neat): 663, 686, 705, 783, 1008, 1017, 1219, 1272, 1447,
1586, 1612, 1663. tTH-NMR (CDCl;, 400MHz) 8: 5.59 (ddd, 1H, J = 10.0, 1.3, 0.7 Hz), 5.72 (ddd,
1H, J=16.9,1.4,0.7 Hz), 6.53-6.65 (m, 1H), 6.99 (dd, 1H, | = 15.1, 0.7 Hz), 7.33-7.46 (m, 1H), 7.48
(dd, 2H, J = 7.4, 0.9 Hz), 7.53-7.59 (m, 1H), 7.94 (dd, 2H, J = 8.3, 1.3 Hz). BC-NMR (CDCl;,
100MHz) 8: 126.2, 126.9, 128.4, 128.6, 132.8, 135.4, 137.9, 144.7, 190.7. GC-MS (70eV): 7/ 3 : 158
(M, 100), 157 (38), 129 (61), 115 (29), 105 (62), 81 (25), 77 (64), 54 (32), 51 (37). Anal. Calcd. For
CuHyO (158.20): C, 83.52; H, 6.37. Found: C, 83.56; H, 6.40.

Compound 7aa

Yield 61% (50 mg). Yellow oil. IR (cm!, neat): 717, 775, 860, 1005, 1275, 1409, 1514, 1584, 1607,
1648. TH-NMR (CDCl;, 400MHz) &: 5.60 (ddd, 1H, ] = 9.9, 1.3, 0.6 Hz), 5.73 (ddd, 1H, ] = 16.9,
1.3, 0.6 Hz), 6.52-6.64 (m, 1H), 6.89 (d, 1H, | = 15.0 Hz), 7.15 (dd, 1H, ] = 4.9, 3.8 Hz), 7.43 (dd,
1H, J = 15.0, 11.1 Hz), 7.66 (dd, 1H, J = 4.9, 1.1 Hz), 7.77 (dd, 1H, J = 3.8, 1.1 Hz). BC-NMR
(CDCl;, 100MHz) &: 125.7, 127.1, 128.2, 131.8, 133.9, 135.1, 144.0, 145.3, 182.3. GC-MS (70eV):
m/z:164 M, 100), 135 (96), 111 (93), 91 (24), 53 (33), 39 (35). Anal. Calcd. For CoHsOS (164.22):
C, 65.82; H, 4.91; S, 19.52. Found: C, 65.87; H, 4.88; S, 19.55.

Compound 7ab

Yield 70% (48 mg). Pale yellow oil. IR (cm™, neat): 1203, 1600, 1626, 1660. 'H-NMR (CDCl;,
400MHz) 8: 1.15 (s, 9H), 5.51 (ddd, 1H, J = 10.0, 1.4, 0.7 Hz), 5.64 (ddd, 1H, ] = 16.9, 1.3, 0.7 Hz),
0.40-6.51 (m, 1H), 6.57 (d, 1H, ] = 15.0 Hz), 7.20-7.29 (m, 1H). 3C-NMR (CDCl;, 100MHz) 8: 26.2,
43.0,124.9,126.2,135.2, 142.9, 204.6. GC-MS (70eV): /% : 138 (M, 2), 110 (58), 95 (18), 81 (100),
57 (65), 53 (55), 41 (39), 29 (14). Anal. Calcd. For CoH14,0 (138.21): C, 78.21; H, 10.21. Found: C,
78.16; H, 10.18.

Compound 7ac

Yield 63% (74 mg). Pale yellow oil. IR (cm!, neat): 472, 751, 997, 1122, 1461, 1586, 1625, 1656. H-
NMR (CDCl;, 400MHz) &: 1.12 (t, 3H, | = 7.5 Hz), 2.23-2.34 (m, 2H), 6.28-6.44 (m, 2H), 7.09 (d,
1H,J=15.1 Hz), 7.52 (dd, 1H, ] = 15.0, 10.0 Hz), 7.54-7.63 (m, 2H), 7.87-7.94 (m, 2H), 7.98 (d, 1H,
J =8.0Hz),8.07 (dd, 1H, ] = 8.6, 1.7 Hz), 8.48 (s, 1H). BC-NMR (CDCl;, 100MHz) &: 12.9, 26.3,
123.7,124.5,126.7, 127.8, 128.2, 128.3, 128.4, 129.5, 129.7, 132.6, 135.4, 135.7, 145.4, 147.8, 190.6.
GC-MS (70eV): m/z : 236 (M*, 39), 207 (100), 179 (22), 155 (12), 127 (40). Anal. Calcd. For
Ci7Hi60 (236.31): C, 86.40; H, 6.82. Found: C, 86.45; H, 6.85.
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Compound 7ad

Yield 71% (65 mg). White solid, m.p. = 64-66°C. IR (cm!, neat): 782, 999, 1258, 1340, 1580, 1607,
1625, 1653. tTH-NMR (CDCl3, 400MHz) 8: 1.89 (dd, 3H, | = 6.4, 0.6 Hz), 2.41 (s, 3H), 6.19-6.39 (m,
2H), 6.87 (d, 1H, J = 15.1 Hz), 7.26 (d, 2H, ] = 7.9 Hz), 7.39 (dd, 1H, J = 15.0, 10.2 Hz), 7.85 (d,
2H, J = 8.1 Hz). BC-NMR (CDCl;, 100MHz) &: 18.9, 21.6, 123.3, 128.5, 129.2, 130.6, 135.7, 140.8,
143.3, 144.8, 190.4. GC-MS (70eV): m/z : 186 (M*, 36), 171 (100), 143 (20), 128 (21), 119 (20), 91
(29), 65 (21), 39 (11). Anal. Calcd. For C;3H14O (186.25): C, 83.83; H, 7.58. Found: C, 83.78; H,
7.55.

Compound 7ae

Yield 67% (68 mg). White solid, m.p. = 74-76°C. IR (cm!, neat): 610, 793, 840, 1005, 1250, 1344,
1582, 1601, 1627, 1652. TH-NMR (CDCls, 400MHz) &: 1.89 (d, 3H, | = 6.2 Hz), 3.86 (s, 3H), 6.18-
6.38 (m, 2H), 6.88 (d, 1H, | = 15.4 Hz), 6.94 (d, 2H, ] = 9.0 Hz), 7.39 (dd, 1H, J = 15.0, 10.4 Hz),
7.95 (d, 2H, ] = 9.0 Hz). BC-NMR (CDCl;, 100MHz) &: 18.9, 55.5, 113.7, 123.1, 130.6, 131.2, 140.5,
144.4,163.2, 189.1. GC-MS (70eV): m/% : 202 (M*, 64), 187 (100), 159 (22), 135 (43), 92 (19), 77
(25). Anal. Calcd. For C13H1402 (202.25): C, 77.20; H, 6.98. Found: C, 77.24; H, 7.01.

Compund 7af

Yield 63% (93 mg). Pale yellow oil. IR (cml, neat): 1065, 1128, 1109, 1319, 1590, 1627, 1665. 'H-
NMR (CDCl;, 400MHz) 8: 0.90 (t, 3H, | = 6.9 Hz), 1.26-1.36 (m, 4H), 1.41-1.51 (m, 2H), 2.23 (q,
2H, ] = 6.8 Hz), 6.29-6.34 (m, 2H), 6.84 (d, 1H, | = 15.1 Hz), 7.38-7.46 (m, 1H), 7.73 (d, 2H, ] = 8.2
Hz), 8.01 (d, 2H, | = 8.2Hz). BC-NMR (CDCl;, 100MHz) &: 14.0, 22.5, 28.3, 31.4, 32.3, 123.0, 125.5
(9, ] = 3.8 Hz), 128.6, 128.9, 133.7 (q, ] = 32.8 Hz), 141.1, 146.7, 148.0, 190.0. GC-MS (70eV): 7/ 3:
296 (M*, 6), 277 (5), 225 (100), 173 (32), 145 (28), 81 (8), 41 (7). Anal. Calcd. For C;HyF3;0
(296.33): C, 68.90; H, 6.46. Found: C, 68.94; H, 6.49.

Compound 7ag

Yield 62% (61 mg). Pale yellow oil. IR (ecm!, neat): 694, 731, 1000, 1275, 1350, 1590, 1626, 1662.
TH-NMR (CDCl3;, 400MHz) 8: 2.97 (dt, 2H, | = 6.3, 0.9 Hz), 5.06-5.14 (m, 2H), 5.79-5.91 (m, 1H),
6.20-6.41 (m, 2H), 6.91 (d, 1H, J = 15.1 Hz), 7.38-7.50 (m, 3H), 7.53-7.58 (m, 1H), 7.94 (dd, 2H, | =
8.4, 1.3 Hz). BC-NMR (CDCls, 100MHz) &: 37.1, 116.6, 124.2, 128.4, 128.5, 129.9, 132.6, 134.9,
138.2,143.0, 144.9, 190.8. GC-MS (70eV): 7/ : 198 (M*, 12), 157(100), 144 (13), 128 (17), 115 (11),
105 (76), 91 (18), 77 (69), 51 (19), 39 (11). Anal. Calcd. For C14H140 (198.26): C, 84.81; H, 7.12.
Found: C, 84.86; H, 7.08.

Compound 7ah

Yield 70% (84 mg). Yellow oil. IR (cm!, neat): 777, 1001, 1025, 1269, 1429, 1580, 1630, 1662, 2246.
H-NMR (CDCls, 400MHz) 8: 2.46-2.60 (m, 4H), 3.85 (s, 3H), 6.12-6.23 (m, 1H), 6.43 (dd, 1H, | =
15.2,10.9 Hz), 6.94 (d, 1H, ] = 15.1 Hz), 7.10 (ddd, 1H, ] = 8.2, 2.6, 0.4 Hz), 7.32-7.41 (m, 2H), 7.44-
7.53 (m, 2H). BC-NMR (CDCls, 100MHz) 8: 16.9, 28.7, 55.5, 112.7, 118.7,119.4, 120.9, 125.7, 129.6,
131.7,139.2, 139.3, 143.5, 159.9, 190.2. GC-MS (70eV): /3 : 241 (M*, 41), 201 (30), 187 (100), 159
(17), 135 (24), 107 (17), 77 (25). Anal. Calcd. For CisHisNO? (241.29): C, 74.67; H, 6.27; N, 5.81.
Found: C, 74.72; H, 6.30; N, 5.78.

Compound 7ai

Yield 65% (72 mg). Yellow solid, m.p. = 35-37°C. IR (cm™, neat): 666, 686, 1001, 1257, 1447, 1574,
1585, 1625, 1659. TH-NMR (CDCl;, 400MHz) 8: 2.68 (dq, 2H, ] = 6.8, 1.2 Hz), 3.61 (t, 2H, ] = 6.8
Hz), 6.16-6.25 (m, 1H), 6.37-6.46 (m, 1H), 6.94 (d, 1H, | = 15.1 Hz), 7.39 (dd, 1H, ] = 15.1, 10.9
Hz), 7.43-7.50 (m, 2H), 7.52-7.58 (m, 1H), 7.93 (dd, 2H, | = 8.4, 1.3 Hz). BC-NMR (CDCl;,
100MHz) &: 36.0, 43.1, 125.0, 128.4, 128.6, 131.7, 132.7, 138.1, 140.1, 144.1, 190.7. GC-MS (70eV):
m/z : 220 M+, 10), 171 (8), 157 (100), 128 (15), 105 (20), 77 (32), 51 (13). Anal. Calcd. For
Ci3H3CIO (220.70): C, 70.75; H, 5.94. Found: C, 70.79; H, 5.91.
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Compound 7aj

Yield 66% (95 mg). White solid, m.p. = 71-73°C. IR (cm!, neat): 838, 999, 1017, 1168, 1238, 1254,
1583, 1599, 1625, 1652, 1727. 'TH-NMR (CDCls, 400MHz) 8: 1.73-1.85 (m, 2H), 2.24 (q, 2H, J = 7.1
Hz), 2.34 (t, 2H, ] = 7.4 Hz), 3.66 (s, 3H), 3.86 (s, 3H), 6.12-6.21 (m, 1H), 6.32 (dd, 1H, ] = 15.2,
10.9 Hz), 6.90 (d, 1H, ] = 15.0 Hz), 6.94 (d, 2H, ] = 8.9 Hz), 7.37 (dd, 1H, ] = 15.0, 10.8 Hz), 7.94
(d, 2H, J = 8.9 Hz). BC-NMR (CDCl;, 100MHz) 8: 24.0, 32.5, 33.5, 51.9, 55.8, 114.4, 124.5, 130.7,
131.4, 131.8, 144.7, 144.8, 164.2, 174.7, 190.1. GC-MS (70eV): »/z : 288 (M*, 14), 187 (93), 135
(100), 77 (26). Anal. Calcd. For C17H2004 (288.34): C, 70.81; H, 6.99. Found: C, 70.85; H, 7.03.

Compound 7ak

Yield 68% (63 mg). Yellow oil. IR (cm, neat): 698,995,1254, 1360, 1494, 1594, 1630, 1665, 1687.
IH-NMR (CDCls, 400MHz) 8: 2.26 (s, 3H), 3.52 (d, 2H, ] = 6.6 Hz), 6.09 (d, 1H, ] = 15.7 Hz), 6.14-
6.36 (m, 2H), 7.12 (dd, 1H, ] = 15.6, 10.4 Hz), 7.14-7.35 (m, 5H). BC-NMR (CDCl;, 100MHz) &:
27.2,39.4,126.5,128.7,129.6, 129.8, 138.7, 143.2, 143.4, 198.7. GC-MS (70eV): /3 : 186 (M, 28),
143 (69), 128 (81), 115 (38), 95 (100), 91 (27), 82 (306), 65 (18), 43 (29). Anal. Calcd. For C13H1,O
(186.25): C, 83.83; H, 7.58. Found: C, 83.79; H, 7.55.

Compound 7al

Yield 64% (53 mg). Clear oil. IR (cm, neat): 999, 1207, 1466, 1595, 1633, 1664, 1687. 'TH-NMR
(CDCl3, 400MHz) 8: 0.91 (t, 3H, ] = 7.4 Hz), 1.11 (dd, 6H, ] = 6.9 Hz), 1.39-1.52 (m, 2H), 2.10-2.19
(m, 2H), 2.74-2.87 (m, 1H), 6.08-6.24 (m, 3H), 7.13-7.24 (m, 1H). BC-NMR (CDCl3;, 100MHz) &:
13.7,18.5, 21.9, 35.1, 38.8, 126.0, 129.0, 142.9, 145.5, 204.4. GC-MS (70eV): m/ 7 : 166 (M*, 12), 123
(100), 95 (39), 81 (54), 67 (15), 53 (18), 41 (14). Anal. Calcd. For C;1H13O (166.26): C, 79.46; H,
10.91. Found: C, 79.51; H, 10.94.

NMR Spectra of the described compounds can be found at:
https://doi.org/10.1002/adsc.202201151
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2.4 Thesis work: Photocatalyzed hydroalkylation of
nitroolefins in batch and flow

The results presented in this section are adapted from:

More Chips to Nitroolefins: Decatungstate Photocatalysed Hydroalkylation Under Batch and Flow
Conditions, Jorea, A., Bassetti, B., Gervasoni, K., Protti, S., Palmieri, A., Ravelli, D., Ady. Synth. Catal.
2023, 365,17

2.4.1 Introduction

In photochemical reactions, radicals can be formed through two fundamental approaches. The first
one relies on a substrate containing directly exciting functional groups or chromophores, where light
absorption leads to the formation of a radical intermediate. The second approach involves the use of
a light-absorbing catalyst (photocatalyst, PC), where electron or hydrogen atom transfer occurs
between the catalyst and an organic molecule, upon excitation. Generally, both approaches require
suitable functional groups in the starting materials to guide the reaction pathway and facilitate the

desired photochemical transformations.

Photocatalysis relies on the ability of transition metal complexes,!3 usually polypyridyl complexes of
rhutenium and iridium, or organocatalysts, such as aromatic ketones, quinones, heterocycles and

dyes,!?! to engage different possible pathways when excited (PC*)132:

e single electron transfer (SET), interacting with a SD, a sacrificial electron donor

e single electron transfer (SET), interacting with an AD, a sacrificial electron acceptor

generating a reducing or oxidizing catalyst toward the desired substrate

e  direct energy transfer, generating an electronically excited substrate *S
e  proton-coupled electron transfer (PCET)
e  hydrogen atom transfer (HAT), generally considered a subclass of PCET, and that can be

either direct or indirect

In fact, HAT can be defined as a process in which there is a concerted movement of a proton and
an electron (He = H+ +e—), that share the starting and final orbitals, between to substrates in a single
kinetic step.!3?

Direct hydrogen atom transfer (Scheme 2.29) is achieved by using a selected photocatalyst, which
upon excitation (PC* = X* = hydrogen abstractor), is responsible for substrate activation by
extraction of an hydrogen from a donor (R-H), thus generating a radical R*. Hydrogen-catalyst

radical “PC-H is formed consequentially. The final product can be generated after hydrogen back-

113



donation (back-HAT step) from *PC-H or through a sequential electron/proton transfer (ET/PT)
mechanism toward a chemical species Y (already present or transiently formed within the process),
regenerating the PC.

Direct Hydrogen Atom Trasnfer (d-HAT)

v, %

\%Y,“(Hﬂ or Y-H
Y

Scheme 2.29 Direct Hydrogen Atom Transfer cycle

Notably, hydrogen atom transfer (HAT) plays a crucial role in a wide range of chemical reactions,
including hydrocarbon combustion, aerobic oxidations, and various atmospheric phenomena.!33
HAT represent one of the most interesting strategy for aliphatic C-H bond’s activation, known to be
an “unfunctional group”, that generally relies on the use of activating or directing groups.'3*
The are different factors to take into account when operating the selective HAT-based C—H
functionalization, such as: (1) the bond strength of the C-H bond that needs to be cleaved — generally
the lower is the bond dissociation energy the more stable is the generated radical, (2)
hyperconjugation and conjugation, (3) the strain release associated to the cleavage, (4) steric
hindrance, (5) the proximity of polar functionalities as well as the polarity discrepancy between the
hydrogen abstractor and character of the C—H bond, (6) the presence of electron-donating
functionalities whose non-bonding electrons can activate C-H through hyperconjugation, (7)
stereoelectronic effect of possible heteroatoms; of course also the presence of solvents or additive
that could act as hydrogen bond donor or acceptor has to be considered.!3

It is of primary importance the accurate selection of the hydrogen abrstractor that will be
photochemically generated, considering that the newly formed X—H bond has to be stronger than
the C—H that needs to be cleaved.

The majority of the HAT photocatalysts (PChat) exhibit a common structural motif, which is the
presence of an oxo group (Z=0). In the reactive excited state, this oxo group acquires a distinct O-
centered radical character, that closely resembles electrophilic alkoxyl radicals, which have a strong
capability to abstract hydrogen atoms from C-H bonds. Generally, they can be classified on the base
of the X-element that carries the oxo moiety, that can be a carbonyl derivatives, which includes
simple aromatic ketones and aldehydes, a-diketones, a-ketoacids, and (anthra)quinones, or inorganic
ones, such as the decatungstate anion [W1oOs|* (Z = W) and the uranyl cation [UO;]?* (Z = U).13¢
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Among these, decatungstate anion (W10O32)* has emerged as promising PCuar for the generation of
carbon-centered radicals thanks to his high photocatalytic activity,!” and it is usually employed as
tetrabutylammonium salt (TBADT! tetrabutylammonium decatungstate, (#BusN)4[W10O32]) (Figure
2.7).138 This catalyst is patt of the polyoxometalates (POMs) family which ate molecular metal oxide
anions, chatacterized by the presence of three or more metal centers in their high oxidation state.!?
Site for

Hydrogen
Atom

(/ Transfer

TBADT [(Bu,N,)W,005,]

Figure 2.7 Tetrabutylammonium decatungstate structure; 3D image taken from ref.!3

Among its advantages, such as high reactivity and selectivity, TBADT can be prepared in a single
step from inexpensive precursors. For these reasons, it has been widely used over the years and

applied for different C—H functionalizations.136,140-144

As photocatalytic strategies have gained significant attention, the reactivity of nitro compounds has
been explored only to a limited extent. For what concerns nitroalkenes, the attention has been mainly
focused on their role as traps for generated radical intermediates, and primarily restricted to -
nitrostyrene derivatives.!*> In these derivatives, the loss of the nitro group (-NO3) in a quantitative
manner leads to an zpso-substitution process (Scheme 2.30). However, this approach has proven to
be successful in the synthesis of various synthetic targets, including stilbenes,!#¢ chalcones,'*” vinyl
thiocyanates,!*® trifluoromethyl alkenes,!* as well as in the alkenylation of cyclic ethers and

unactivated alkenes.!30:151

A N0z, R . Y
via

Ar/'\rNO2

R

Scheme 2.30 Radical mediated ipso-substitution on nitroolefins

Until now, the retention of the nitro group in the final product has been reported only in a few
specific cases. For example, in the photocatalyzed alkylation of indoles, using chromium-complexes
and rose Bengal (Scheme 2.31),'5? and in the preparation of Diels-Alder adducts (only one reported

example where the nitro group is retained).!?
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” white LED, H,0, 60 °C
R NO,

Scheme 2.31 Friedel-Craft alkylation of indoles with nitroalkenes in presence of Rose Bengal

2.4.2 Results and discussion

In order to start our investigation, we selected (E)-1-nitrooct-1-ene 8a and 2,2-dimethyl-1,3-
dioxolane 9a, the hydrogen atom donor, as model reactants for the formation of product 10 (Scheme
2.32). To establish the reaction conditions, we initially adapted methodologies that had been

previously employed favourably for the functionalization of C-H bonds in oxygenated heterocycles
(Table 2.3).143154

O,
[ >< 9a
. >0
' CeH1z

CeH13 A \ NO
~PONO, 40 W LED (4=390 nm) 2

8a O  10a

Solvent o.#

Scheme 2.32 General reaction scheme for the hydroalkylation of nitroolefins

The selection of the correct wavelength, at which subsequently conduct our studies, was empirically
established by examination of the UV-Vis spectra of the catalyst, and compared to the absorption of
some selected nitroolefins of our interest (8a, c, d). In fact, the excitation of the decatungstate anion
calls for the use of a light source emitting around 390 nm, wherein the employed nitroolefins may
absorb as well. As reported in Figure 2.8, compounds 8 a, d exhibit only a modest absorption at
wavelengths >300 nm, thus not hampering photocatalyst excitation and the formation of
hydroalylated products 10. On the other hand, the UV-Vis spectrum of g-nitrostyrene 8c features an
intense absorption in the near UV range tailing at wavelengths >380 nm, suggesting the prevention

of photocatalyst excitation.

116



2.0
|—— TBADT C“H”\%\Noz
—— 8a 8a
—— 8¢
5 —— 8d
o 1.5 Ph\y\No
(5} 8c
c
S
E 1.0 OMN-co0Et
o
< 8d
0.5
0.04
250 300 350 400 450 500

Wavelength [nm]

Figure 2.8 UV-Vis spectra of 10~ M MeCN solutions of nitroalkenes 8a, 8c and 8d, along with TBADT

The optimization was performed in a Pyrex vessel containing (E)-1-nitrooct-1-ene 8a (5 mmol), in
presence of 5 equivalent of 9a and the catalyst TBADT in 2 mol%, using MeCN as solvent (5 mL).!3>
The reaction mixture was subjected to irradiation using a 390 nm LED lamp with a power of 40 W
for a reaction time of 6 hours, keeping the temperature of 0 °C using an ice bath. Under these
conditions the desired adduct 10a (mixture of diastereoisomers) was obtained with a 83% yield, as

determined by gas chromatography (GC) analysis.

Table 2.3 Optimization of B-nitroalkenes hydroalkylation

[O 9a,
’ o 5 equiv.

Cofian o, " 40WLED (=390 nm)  CeH1s NG,
8a, 0.5 mmol MeCN (5 mL, 0.1 M), Ar 0 10a
BATCH: 0 °C, 6h 0$
FLOW: Vg= 4.1 mL, 2mL h"!

Entry Variations from standard conditions 10a [GC yield]
1 none 83%
2 room temperature 39%
3 A =390 nm (50% power) 41%
4 A =427 nm 37%
5 A =456 nm n.d.
6 TBADT omitted n.d.
7 in the dark n.d.
8 TEMPO (1 eq) as additive Traces
9 flow conditions, rt 90%
10 flow conditions, 0 °C 89%
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A subsequent screening of possible variables was performed to optimize the reaction performance.
In particular, when the reaction was conducted a room temperature (Table 2.3, Entry 2), the product
was formed but with a significant decrease in term of yield.

When the power of the 390 nm LED lamp was reduced to 50% of its maximum level, or when lamps
emitting light at less energetic wavelengths (specifically, 427 nm and 456 nm lamps with a power of
40 W) were employed, it had a negative impact on the outcome of the reaction. This is evidenced by
the results observed in Table 2.3 Entries 3-5 of the experimental table, where the yield of the desired
product was lower compared to the original conditions, with 50% of unreacted starting material 8a
detected in the first case (Table 2.3, Entry 3).

Necessary control experiments were also performed, thus demonstrating that both the presence of
light and the catalyst are mandatory for the formation of 10a (Table 2.3, Entries 6-7).

Conducting the reaction with the addition of 1 equivalent of 2,2,6,6-tetramethylpyrrolidine-N-oxyl
(TEMPO) as co-catalyst to the reaction mixture resulted in the formation of only traces amount of
the desired product 10a (Table 2.3, Entry 8), thus providing important insights and confirmation

on the possible radical pathway of the reaction.

In fact, GC-analysis of the same reaction mixture reported in Entry 8 compated to control analysis
of reference compounds (nitroalkene 8a, product 10a and TEMPO) and a mixture containing only
the H-dornor 9a with TBADT and TEMPO, demonstrated that the additive seemed to completely
shut down the formation of product 10a. In particular, significant amount of unreacted 8a was
detected and an additional peak was present, while no product peak was observed in the mixture.
The new one had the same retention time of the peak found when subjecting the mixture of 9a,
catalyst and TEMPO, to GC measurements. A subsequent evaluation of mass spectra of TEMPO
and of the new unknown species showed several common peaks, attributable both to the additive
skeleton and to 9a, possibly derived from the formation of the TEMPO adduct of the 2,2-dimethyl-
1,3 dioxolan-4-yl radical.

Therefore, the proposed reaction mechanism is the one reported by Scheme 2.33.

R-H

(9
— .
Q 7 HAT R ”
‘ Y/ e L
-« { hy R~ NO,
8

R?=H, Alk
R? = Alk, COOR

2
L RH R\H\Noz
F{\|)§Noz R

R m 10

Scheme 2.33 Proposed reaction mechanism

118



Photoexcited TBADT is responsible for the aliphatic C-H bond-cleavage of the hydrogen donor 9.
Then, the photogenerated alkyl radical intermediate I*is intercepted by the nitroolefin 8 leading to
the formation of radical adduct II*, through conjugate addition. Finally, the formation of the final
hydroalkylated product III (compound 10) is coupled with the recovery of the photocatalyst via a
back-HAT step.

Then, going back to the experimentation, we transitioned to flow conditions, using a 3D-printed
reactor made of polypropylene, already successfully exploited for the hydrofunctionalization of
alkenoic acids under TBADT-photocatalyzed conditions.!® We applied this reactor design to our
current study, aiming to improve the reaction efficiency and control. By circulating the reaction
mixture using a syringe pump at a flow rate of 2 mL h-! (corresponding to a residence time of 2 houts
and 3 min), the desired product 10a was obtained with a high yield of approximately 90%.
Significantly, this was achieved regardless of the temperature used, as indicated in Table 2.3 Entries
9-10.

After determining the optimal reaction conditions, we proceeded with the actual isolation of the
nitroalkane product 10a on a 0.5 mmol scale, thus validating the one obtained by GC analysis both
in batch (81%) and flow conditions (89%). As expected, the product was isolated as a mixture of
diastereoisomers, with a ratio of almost 1:1. We also exploited flow conditions to perform the model
reaction between 8a and 9a on a larger scale of 2 mmol. In this case, the reaction was conducted at
room temperature for ease of operation, and 10a was isolated in 91% yield.

Subsequently, we evaluated the reaction scope by exploring the applicability of the established

conditions to a range of substrates nitroolefins and hydrogen donor (Scheme 2.34).

A modification in the substitution pattern on the 1,3-dioxolane ring resulted in a distinct outcome in
terms of regioselectivity. Thus, in the case of 2-methyl-1,3-dioxolane 9b, its functionalization resulted
in the clean formation of product 10b with a yield of 52% using batch conditions (20% at room
temperature), exclusively targeting the acetal position. On the other hand, the use of 1,3- dioxolane
9c, with consequent presence of more reactive sites, yielded a mixture of regioisomers 10c and 10c'
in a ratio of 2.5:1, considering the higher reactivity of position 2.

Successively, we explored the reactivity of 1,3-benzodioxole 9d (1.5 equiv. in this case) and
tetrahydrofuran 9e under optimized conditions, which yielded both adducts 10e and 10f in 69%.
Functionalization of the 6-membered oxygenated ring of 1,4-dioxane 9f and tetrahydropyran 9g
resulted in the formation of products 10f and 10g with yields of 45% and 61% respectively. In the
latter case, the reaction occurred at room temperature under irradiation in only 1 hour.

Conversely, the modification of the 4-membered ring of oxetane 9h presented greater challenges,
and the resulting adduct 10h could only be isolated with a yield of 48% when exploiting flow
conditions.

We then explored the possibility of using substrates that contained various heteroatoms. As a result,
tetrahydrothiophene 9i readily underwent a smooth reaction with 1a, leading to the formation of
product 10i with an isolated yield of 54%. Additionally, N,N-dimethyl formamide 9j and NN,N-
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dimethyl acetamide 9k yielded adducts 10j and 10k, through selective functionalization at the a-to-IN
methyl group, with yields of 72% and 69% respectively.!4

Unfortunately, when adopting N-Boc pyrrolidine as substrate a sluggish reaction was observed and,
for this reason, data was not reported.

Cycloalkanes were also found to be suitable substrates, as demonstrated by the successful
functionalization of cyclohexane 91 and cyclooctane 9m, resulting in the formation of the
corresponding products with an isolated yield of 50% in both cases.

Lastly, we investigated the impact of introducing an aromatic substituent on the nitroalkene structure.
As a result, the reactivity of (E)-(4-nitrobut-3-en-1-yl)benzene 8b was retained, allowing for the
formation of compound 10n in a good yield, through hydroalkylation with the model H-donor 9a.
Conversely, when f-nitrostyrene 8c was reacted with 9a, it resulted in the formation of a complex
mixture. In fact, when it was measured, compound 8c featured an intense absorption in the near UV

range tailing at wavelengths >380 nm, thus preventing photocatalyst excitation.
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1 \\
R\/\NOZ + R-H 40 W LED (A=390 nm) R1\|/\NO
2
8a, R" = CgHy3 9 MeCN, Ar R
1= (5 equiv.)
8b. R* = CH,CH,Ph BATCH: 0 °C, 6h 10a-n
(0.1 M)

FLOW: Vg=4.1 mL, 2 mL-h"', rt

NO, % NO, NO, NO, NO,
0 0 0 o 0
0 ] ] o T

(0] (0] (0]
10a 10b 10¢ @ oeasa 10c’ 10d
c:10'=25:
81% 89% 91%") 52% 20%°) 50% overall yield 69%%
NO, NO, NO, NO, NO, NO,\ O
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H
e} 0] 0 0] S
10°e 10f 10g 10h 10i 10j
69% 45% 61%CB) 48% 54% 72%
NO,\ O NO, NO,
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NO,
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1l |solated yields for reactions performed under batch or flow conditions on a 0.5 mmol scale.
bl Reaction performed on a 2 mmol scale.

[l Reaction performed at room temperature.

[d1 1.5 equiv. of 1,3-benzodioxole 2 d were used.

[l Reaction mixture irradiated for 1 h.

Scheme 2.34 Photocatalyzed hydroalkylation of -nitroalkenes

To further demonstrate the versatility of the procedure under flow conditions, and its applicability
in the synthesis of highly functionalized materials, we expanded the photoalkylation investigations to
(E)-f-nitroacrylates, knowing that they have already shown remarkable reactivity upon direct

photoirradiation, leading to the corresponding (Z)-stereoisomers.”?

To this scope, we selected f-nitroacrylate 8d as model substrate for our experiments, in the presence
of hydrogen-donor 1,3-benzodioxole 9d (only 1.3 equiv. were sufficient in this case), for the
preparation of hydroalkylated product 100 (Table 2.4).

As temperature can significantly influence the reaction profile and final yield of the desired products

we transitioned from using the 3D-printed reactor to Syrris Asia modular flow apparatus
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(Experimental section, Figure 2.9 and 2.10), which can provide enhanced flexibility and fine
control over reaction parameters, such as temperature. In fact, the system can easily and stably
operates within a broad range of temperature, -40 °C and +80 °C, under irradiation conditions. The
flow set-up consisted of 54W LED irradiation system, composed by 4 LED modules (A=385 nm)
positioned in an alternated fashion with “blaks” modules (the system can support max. 8 LED

lamps). Moreover, the light can be set at different intensity levels.

Table 2.4 Optimization of f-nitroacrylates hydroalkylation

54 W LED (A=385 nm) £t

Et :

O '
Etooc\/\No2 + ©:o> : LA Etoocr\No2
od o 0

8. 0.TM 1.é equiv. é ALL
X f Syrris reactor 100
________________ MeCN. A Vg=4 mL, 2 mLh"!

Entry T [°C] Light intensity (% power) 100 [yield]®
1 20 50 48
2 5 50 50
39) 5 50 40
4 -10 50 53
5 -10 100 49
6 -10 25 61
7 -10 15 35
8 -20 25 43

% Reaction conditions: an Ar-bubbled MeCN solution (5 mL)
% Isolated yield
9 Reaction carried out under stop-flow conditions.

Initially, the reaction was cartied out at 20 °C while maintaining a 2 mL - h'! flow rate, using the LED
lamps at their half power. With these conditions, expected product 100 was obtained in 48% yield
(Table 2.4, Entry 1), while a decrease to 5 °C resulted in a slight improvement, yielding 100 in 50%

>

(Table 2.4, Entry 2). Operating in “stop-flow” conditions, at the same temperature, led to a
consistent yield diminishing (Table 2.4, Entry 3).

Encouraging results (53%) were obtained when setting the temperature to -10 °C (Entry 2.4),
enabling us to proceed on the evaluation of lamps power’s impact on the reaction outcome (Table
2.4, Entries 4-7). Light intensity of 25% guaranteed the best performance, leading to the formation
of products 100 in 61% yield (Entry 6), any further decrease was found detrimental to the process
efficiency, as well as a conducting the reaction using 100% of power.

Conversely of what detected from simple nitroalkenes, temperature variation shows a limited effect

on the reaction outcome under flow conditions, probably due to the shortened reaction time required

for the conversion (around 2 hours vs 6 hours) limiting the possibility of the product to undergo
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undesired decomposition pathways. In any case, we can state that working at low temperature seems
to be convenient for our reaction for guaranteeing good products yield, in particular when working
with S-nitroacrylates.

Furthermore, we conducted the model reaction on a larger scale of 2 mmol scale, achieving a
comparable yield of product (62%, 366 mg) to that obtained on 0.5 mmol, thus proving again the

scalability of our process with different nitroolefins.

Subsequently, the optimized procedure was employed for the synthesis of a variety of «-(1,3-
benzodioxolan-2-yl) $-nitro esters 10p-u on a 0.5 mmol scale (Scheme 2.35). The application of the
protocol to different substrates bearing different substituents allowed the synthesis of all the

hydroalkylated products in good yield, with further expansion of the substrate scope.

R2
54 W LED (A=385 nm) 25%
R1ooc\/\ + RH ( ) 25% R'00C
NO, NO,
9 MeCN, Ar, -10°C 4w -l R
8d-i i > 3
(1.3 equiv.) Syrris reactor 4 %: 100-u
Vg=4mL,2mLh! *® 3
O NO, 0 NO, O NO, O NO,
o 0 (oo o 0 o 0
100 10p 10q 10r
61% 62% 53% 54% 56%
0 NO, o/ \o o NO
Etow Eto)‘j\)\ﬁ/ W
O O o 0
Me
10s 10t 10u
49% 50% 47%
Scheme 2.35 Photocatalyzed hydroalkylation of (E)-B-nitroacrylates

Notably, not even the presence of a 1,3-dioxolane ring on olefin 8h alter the reactivity, allowing to
prepare also compound 10s in a good yield. Comparable results were obtained when employing 5-
methyl-1,3-benzodioxole 9n as the H-donor, leading to the isolation of the desired products 10t and
10u in 50% and 47% yield, respectively.

The successful implementation of the approach highlights the distinctive characteristics of the

TBADT photocatalyst, which effectively retains the multipotent nitro group upon irradiation.
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2.4.3 Experimental section

General procedure A (batch conditions) for the synthesis of 10a-n

A solution of nitroalkene 8 (0.5 mmol, 0.1 M), hydrogen donor 9 (0.75-2.5 mmol, 0.15-0.5 M; 1.5-5
equiv.) and TBADT (2 mol%, 2 mM) in 5 mL of MeCN was poured in a Pyrex vessel, deaerated (by
nitrogen bubbling for 10 minutes) and irradiated for 6 hours at 0°C using at 390 nm LED lamp
(Kessil PR-160L, 40 W, Figure XX). The progress of the reaction was monitored by GC-FID and,
upon completion. Then, the mixture was poured into a round-bottom flask, concentrated under
reduced pressure to give the crude product 10, which was purified by flash column chromatography

(cyclohexane:ethyl acetate).

General procedure B (flow conditions in 3D-printed reactor) for the synthesis of 10a-n

A solution of nitroalkene 8 (0.5 mmol, 0.1 M), hydrogen donor 9 (0.75-2.5 mmol, 0.15-0.5 M; 1.5-5
equiv.) and TBADT (2 mol%, 2 mM) in 5 mL. of MeCN was deaerated (by nitrogen bubbling for 10
minutes) and charged into a coiled tubing reservoir (PTFE, internal diameter: 1 mm). The reaction
mixture was then flown through the channels of a 3D-printed reactor by means of a syringe pump
using a flow rate of 2 mL-h-! upon irradiation with a 390 nm LED lamp by applying fan cooling to
keep temperature below 30 °C (Figure 2.9). The progress of the reaction was monitored by GC-
FID and, upon completion. Then, the mixture was poured into a round-bottom flask, concentrated
under reduced pressure to give the crude product 10, which was purified by flash column

chromatography (cyclohexane:ethyl acetate).

Figure 2.9 Batch (left) a 3D printed flow set-up (right)

General procedure C (flow conditions using Syrris apparatus) for the synthesis of 100-u

A solution of nitroacrylate 8 (0.5 mmol, 0.1 M), hydrogen donor 9 (0.65 mmol, 0.13 M; 1.3 equiv.)
and TBADT (2 mol%, 2 mM) in 5 mL of MeCN was deacrated (by nitrogen bubbling for 10 minutes)
and charged into the Asia Reagent Injector equipped with a simple loop of 5 mL (PTFE, internal
diameter: 0.5 mm). The reaction mixture was then flown, using MeCN as carrier solvent, with a flow

rate of 2 mL-h~! through a 4 mL PTFE coil reactor maintained at -10°C by means of the Asia Cryo
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Controller and irradiated at 385 nm by the Asia Photochemistry Reactor equipped with 4 LED
modules and setting the power at 25% (Figure 2.10). The irradiated solution was collected in a 25
mL round bottom flask, concentrated under reduced pressure to give the crude product 10, which

was purified by flash column chromatography (cyclohexane:ethyl acetate = 8:2).

For more details on the apparatus used, see: https://www.syrris.com/families/asia-lab-scale-flow-

chemistry/

Figure 2.10 Asia Syrris equipment and flow set-up for B-nitroacrylates hydroalkylation

Spectroscopic data and specifics of compounds 10a-u

Compound 10a

Prepared according to general procedures A and B. Flash column chromatography cyclohexane:ethyl
acetate = 8:2. 10a 1.4:1 mixture of diastereoisomers ¢z.; A: Yield 81% (105 mg); B: Yield 89% (115
mg). Yellowish oil. The reaction also performed on a 2 mmol scale according to general procedure
B: Yield 91% (471 mg).

H NMR (300 MHz, Acetone-de, mixture of diastereoisomers) 8: 4.73—4.44 (m, 4H), 4.29—4.01 (m,
4H), 3.75-3.72 (m, 2H), 2.60-2.50 (m, 1H), 2.42-2.31 (m, 1H), 1.45-1.25 (m, 32H), 0.99-0.77 (m,
6H); 3C NMR (75 MHz, Acetone-dg, mixture of diastereoisomers) 8: 109.8, 109.6, 77.6, 77.5, 77.2,
76.8, 68.7, 60.7, 42.4, 40.9, 32.5, 32.5, 30.2, 29.9, 29.1, 27.5, 27.1, 26.8, 26.6, 25.6, 25.3, 23.4, 14.5.
Anal. Calcd. for C;3H2sNO4: C, 60.21; H, 9.72; N, 5.40. Found: C, 60.2; H, 9.6; N, 5.4.

Compound 10b

Prepared according to general procedure A. Flash column chromatography cyclohexane:ethyl acetate
from 100:0 to 95:5. Yield 52% (64 mg). Yellowish oil. When the reaction was performed according
to general procedure A at room temperature, product 3b was isolated in 20% yield.

TH NMR (300 MHz, Acetone-dg) &: 4.53 (dd, /] = 13.3, 7.4 Hz, 1H), 4.37 (dd, ] = 13.3, 5.2 Hz, 1H),
3.97-3.85 (m, 4H), 2.68-2.54 (m, 1H), 1.72-1.57 (m, 1H), 1.53-1.17 (m, 12H), 0.90 (t, ] = 6.5 Hz,
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3H); BC NMR (75 MHz, Acetone-de) 8: 111.2,76.7, 65.6, 65.3, 46.4, 32.5,30.2, 29.1, 28.1, 23.4, 21 4,
14.4. Anal. Calcd. for C12H23NOy: C, 58.75; H, 9.45; N, 5.71. Found: C, 58.6; H, 9.5; N, 5.7.

Compound 10c and 10¢’

Prepared according to general procedure A. Flash column chromatography cyclohexane:ethyl acetate
from 100:0 to 90:10. 10c and 10c’ (10c’; ca. 1:1 mixture of diastereoisomers) in a ratio 10c:10c' =
2.5:1 Overall yield 50% (58 mg). Yellowish oil.

TH NMR (300 MHz, CDCls, major regioisomer 10c) 8: 4.90 (d, | = 3.2 Hz, 1H), 4.60-4.48 (m, 1H),
4.24 (dd, ] = 12.8, 6.2 Hz, 1H), 4.00-3.88 (m, 4H), 2.69-2.51 (m, 1H), 1.39-1.20 (m, 10H), 0.88 (t, /
= 7.1 Hz, 3H). 'TH NMR (300 MHz, CDCl;, minor regioisomer 10c’, mixture of diastereoisomers)
8:5.02 (d, ] = 19.2 Hz, 2H), 4.79 (d, ] = 14.8 Hz, 2H), 4.55-4.39 (m, 4H), 4.16—4.09 (m, 2H), 4.04—
3.96 (m, 2H), 3.74-3.58 (m, 2H), 1.53-1.45 (m, 2H), 1.39-1.20 (m, 20H), 0.88 (t, ] = 7.1 Hz, 6H).
13C NMR (75 MHz, CDCl;, from the mixture) 8: 104.1, 95.6, 95.3, 76.5, 76.4, 76.3, 75.8, 74.8, 68.7,
00.5, 65.3, 65.3, 64.7, 41.2, 40.9, 40.2, 31.7, 31.7, 29.4, 29.4, 29.2, 28.2, 27.9, 26.9, 26.8, 26.3, 22.7,
14.2.

Compound 10d

Prepared according to general procedure A. Flash column chromatography cyclohexane:ethyl acetate
8:2. Yield 40% (56 mg). Yellowish oil.

IH NMR (300 MHz, Acetone-dg) 8: 6.84 (s, 4H), 6.26 (d, ] = 4.1 Hz, 1H), 4.74 (dd, ] = 13.6, 6.8 Hz,
1H), 4.63 (dd, ] = 13.6, 5.7 Hz, 1H), 3.00-2.85 (m, 1H), 1.81-1.62 (m, 1H), 1.61-1.43 (m, 3H), 1.40—
1.23 (m, 6H), 0.88 (t, ] = 6.4 Hz, 3H); 3C NMR (75 MHz, Acetone-ds) 6 148.3, 122.8, 112.0, 109.5,
74.9,42.5,32.4,30.1,27.7, 27.2, 23.3, 14.4. Anal. Calcd. for C;sH1NOy: C, 64.50; H, 7.58; N, 5.01.
Found: C, 64.5; H, 7.5; N, 5.0.

Compound 10e

Prepared according to general procedure A. Flash column chromatography cyclohexane:ethyl acetate
8:2. 3e ca. 2:1 mixture of diastereoisomers. Yield 69% (79 mg). Yellowish oil.

TH NMR (300 MHz, Acetone-de, mixture of diastereoisomers) 8: 4.68—4.38 (m, 4H), 3.94-3.52 (m,
6H), 2.55-2.44 (m, 1H), 2.28-2.19 (m, 1H), 2.14-1.75 (m, 4H), 1.70-1.53 (m, 2H), 1.50-1.23 (m,
22H), 0.88 (t, ] = 6.7 Hz, 6H); 3C NMR (75 MHz, Acetone-ds mixture of diastereoisomers) 8: 80.8,
80.2, 78.0, 77.6, 68.6, 68.4, 43.7, 42.5, 32.6, 32.5, 30.7, 30.4, 30.3, 30.1, 29.6, 28.2, 27.6, 27.1, 26.7,
26.6, 23.4, 14.5. Anal. Calcd. for C1zH23NO3: C, 62.85; H, 10.11; N, 6.11. Found: C, 62.9; H, 10.0;
N, 6.1.

Compound 10f

Prepared according to general procedure A. Flash column chromatography cyclohexane:ethyl acetate
8:2. 10f ¢a. 1.3:1 mixture of diastereoisomers; Yield 45% (55 mg). Yellowish oil.

H NMR (300 MHz, Acetone-ds, mixture of diastereoisomers) &: 4.73—4.55 (m, 2H), 4.47 (dd, | =
13.1, 6.8 Hz, 2H), 3.88-3.27 (m, 14H), 2.45-2.33 (m, 1H), 2.30-2.19 (m, 1H), 1.60-1.21 (m, 20H),
0.89 (t, ] = 7.0 Hz, 6H); 13C NMR (75 MHz, Acetone-dg, mixture of diastereoisomers) 8: 77.3, 76.9,
76.6, 76.4, 70.2, 68.9, 68.1, 68.0, 67.2, 67.1, 40.6, 40.3, 32.5, 32.2, 30.2, 29.3, 28.3, 27.8, 27.1, 23.4,
14.5. Anal. Calcd. for C12H23NOu: C, 58.75; H, 9.45; N, 5.71. Found: C, 58.6; H, 9.5; N, 5.7.

Compound 10g

Prepared according to general procedure A, except for the reaction temperature (rt conditions
adopted) and irradiation time (1h has been used). Flash column chromatography cyclohexane:ethyl
acetate = 85:15. 3g ¢a. 1.3:1 mixture of diastereoisomers; Yield 61% (74 mg). Yellowish oil.

TH NMR (300 MHz, Acetone-de, mixtutre of diastereoisomers) 8: 4.69—4.57 (m, 2H), 4.48-4.36 (m,
2H), 3.95-3.85 (m, 2H), 3.46-3.21 (m, 4H), 2.36-2.25 (m, 1H), 2.25-2.17 (m, 1H), 1.90-1.81 (m,
2H), 1.61-1.42 (m, 10H), 1.42-1.20 (m, 20H), 0.88 (t, ] = 5.9 Hz, 6H); 3C NMR (75 MHz, Acetone-
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ds, mixture of diastereoisomers) &: 78.8, 78.4, 77.9, 77.5, 69.4, 69.3, 43.9, 43.5, 32.6, 30.3, 29.5, 28.4,
28.3, 28.0, 27.2, 27.0, 26.9, 24.4, 24.4, 23.4, 14.5. Anal. Calcd. for C;3H2;NO3: C, 64.16; H, 10.36;
N, 5.76. Found: C, 64.2; H, 10.4; N, 5.7.

Compound 10h

Prepared according to general procedure B. Flash column chromatography cyclohexane:ethyl acetate
= 8:2. 10h ¢a. 1:1 mixture of diastereoisomers; Yield 48% (52 mg). Yellowish oil.

1H NMR (300 MHz, Acetone-ds, mixture of diastereoisomers) 6: 4.93—4.18 (m, 10H), 2.87-2.42 (m,
6H), 1.59-1.17 (m, 20H), 0.88 (t, ] = 5.9 Hz, 6H). BC NMR (75 MHz, Acetone-ds, mixture of
diastereoisomers) &: 83.0, 82.9, 76.5, 76.3, 68.5, 68.4, 45.4, 44.1, 32.5, 32.5, 30.4, 30.3, 28.0, 28.0, 27.3,
27.2,27.2,25.3,23.4,14.5. Anal. Calcd. for CyH21NOs3: C, 61.37; H, 9.83; N, 6.51. Found: C, 61.3;
H,9.9; N, 6.5.

Compound 10i

Prepared according to general procedure A. Flash column chromatography cyclohexane:ethyl acetate
= 8:2. Yield 54% (66 mg). Yellowish oil.

H NMR (300 MHz, Acetone-dg) &: 4.71 (dd, /] = 13.3, 7.3 Hz, 1H), 4.54 (dd, ] = 13.2, 5.3 Hz, 1H),
3.57-3.47 (m, 1H), 2.85-2.76 (m, 2H), 2.40-2.28 (m, 1H), 2.24-2.11 (m, 2H), 1.91-1.74 (m, 1H),
1.62-1.45 (m, 3H), 1.36-1.23 (m, 8H), 0.87 (t, ] = 6.3 Hz, 3H); 3C NMR (75 MHz, Acetone-dg) &:
78.8,51.7,43.9, 34.6, 32.6, 32.5, 32.3, 32.0, 30.3, 27.0, 23.4, 14.5. Anal. Calcd. for C12H2;NO,S: C,
58.74; H, 9.45; N, 5.71. Found: C, 58.7; H, 9.5; N, 5.8.

Compound 10j

Prepared according to general procedure A. Flash column chromatography cyclohexan:ethyl acetate
gradient from 5:5 to 0:10. Yield 72% (83 mg). Yellowish oil.

H NMR (400 MHz, Acetone-ds, mixture of rotamers) 8 8.05 (s, 1H), 8.03 (s, 1H), 4.60—4.41 (m,
4H), 3.47-3.27 (m, 4H), 3.01 (s, 3H), 2.82 (s, 3H), 2.64-2.55 (m, 2H), 1.45-1.24 (m, 20H), 0.88 (t, |
= 0.9 Hz, 6H); 3C NMR (100 MHz, Acetone-ds, mixture of rotamers) 8 164.0, 163.5, 78.6, 77.9,
51.8, 46.4, 36.4, 35.1, 31.5, 31.4, 30.7, 30.2, 30.1, 26.9, 26.9, 23.3, 23.1, 14.4. Anal. Calcd. for
CuH2,N203: C, 57.37; H, 9.63; N, 12.16. Found: C, 57.4; H, 9.6; N, 12.1.

Compound 10k

Prepared according to general procedure A. Flash column chromatography cyclohexane:ethyl acetate
gradient from 5:5 to 0:10. Yield 69% (84 mg). Yellowish oil.

H NMR (300 MHz, Acetone-ds, mixture of rotamers) 8: 4.65-4.34 (m, 4H), 3.62-3.42 (m, 2H),
3.29-3.19 (m, 2H), 3.07 (s, 3H), 2.86 (s, 3H), 2.66-2.53 (m, 2H), 2.04 (s, 3H), 2.02 (s, 3H), 1.44-1.26
(m, 20H), 0.89 (t, ] = 7.0 Hz, 6H); BC NMR (75 MHz, Acetone-ds, mixture of rotamers) & 171.5,
170.0, 78.9, 78.2, 53.1, 49.8, 37.6, 37.3, 37.0, 33.5, 32.5, 30.8, 30.3, 27.2, 27.0, 23.4, 22.0, 21.7, 14.5.
Anal. Calcd. for C;2H24N203: C, 58.99; H, 9.90; N, 11.47. Found: C, 59.0; H, 9.9; N, 11.5.

Compound 101

Prepared according to the general procedure A. Flash column chromatography cyclohexane:ethyl
acetate = 8:2. Yield 50% (61 mg). Yellowish oil.

H NMR (300 MHz, CDCls) 8: 4.38 (dd, | = 12.0, 6.6 Hz, 1H), 4.24 (dd, ] = 12.0, 7.4 Hz, 1H), 2.18—
2.03 (m, 1H), 1.83-1.57 (m, 4H), 1.52-0.97 (m, 17H), 0.89 (t, ] = 6.9 Hz, 3H); 3C NMR (75 MHz,
CDCl) 8: 78.1, 43.1, 39.0, 31.8, 29.7, 29.5, 29.5, 28.8, 27.1, 26.7, 26.7, 26.6, 22.7, 14.2. Anal. Calcd.
for CuH2N: C, 69.67; H, 11.28; N, 5.80. Found: C, 69.8; H, 11.1; N, 5.8.
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Compound 10m

Prepared according to general procedure A. Flash column chromatography cyclohexane:ethyl acetate
= 8:2. Yield 50% (67 mg). Yellowish oil.

TH NMR (300 MHz, Acetone-dg) 8: 4.56—4.48 (m, 1H), 4.45-4.36 (m, 1H), 2.18-2.09 (m, 1H), 1.94—
1.19 (m, 25H), 0.89 (t, ] = 6.6 Hz, 3H); 3C NMR (75 MHz, Acetone-ds) 8: 79.2, 46.1, 38.6, 32.6,
31.1, 31.0, 30.3, 29.6, 28.2, 27.7, 27.4, 27.3, 27.2, 27.2, 23.5, 14.5. Anal. Calcd. For C;sH31NO>: C,
71.33; H, 11.60; N, 5.20. Found: C, 71.4; H, 11.5; N, 5.2.

Compound 10n

Prepared according to general procedure A. Flash column chromatography cyclohexane:ethyl acetate
= 8:2.10n ¢a. 1:1 mixture of diastereoisomers; Yield 69% (96 mg). Yellowish oil. Reaction performed
according to general procedure A at room temperature: Yield 53%.

1H NMR (300 MHz, Acetone-ds, mixture of diastereoisomers) 8: 7.38-7.12 (m, 10H), 4.79-4.52 (m,
4H), 4.34-3.97 (m, 4H), 3.79-3.63 (m, 2H), 2.84-2.36 (m, 6H), 1.92-1.62 (m, 4H), 1.33 (s, 3H), 1.30
(s, 3H), 1.28 (s, 6H); 3C NMR (75 MHz, Acetone-ds, mixture of diastereoisomers) 8: 142.9, 142.9,
129.6, 129.6, 129.5, 127.2, 77.6, 77.2, 76.9, 68.8, 66.9, 42.2, 40.7, 33.9, 33.5, 32.2, 31.2, 30.5, 27.0,
26.8, 25.8, 25.5. Anal. Calcd. for C;sHx1NO4: C, 64.50; H, 7.58; N, 5.01. Found: C, 64.6; H, 7.5; N,
4.9.

Compound 100

Prepared according to general procedure C. 100 60:40 mixture of diastereoisomers; Yield 61% (90
mg). Yellowish oil. Reaction performed also on a 2 mmol scale (procedure C): Yield 62% (366 mg).
H NMR (400 MHz, CDClIs, mixture of diastereoisomers) 8: 6.80-6.85 (m, 4H), 6.42 (d, ] = 5.0 Hz,
0.4H), 6.37 (d, ] = 6.1 Hz, 0.6H), 4.96-5.03 (m, 0.4H), 4.81-4.89 (m, 0.6H), 4.15-4.24 (m, 2H), 3.65
(dd, J = 8.7, 6.1 Hz, 0.6H), 3.55 (dd, ] = 7.2, 5.0, Hz, 0.4H), 2.00-2.17 (m, 1.20H), 1.78-1.92 (m,
0.80H), 1.18-1.27 (m, 3H), 0.96-1.03 (m, 3H); 3C NMR (100 MHz, CDCl;, mixture of
diastereoisomers) 8: 167.2, 166.9, 146.5, 146.3, 122.2, 122.1, 109.0, 108.9, 108.0, 107.6, 86.2, 86.1,
62.1,62.0,53.1,51.7,24.9,24.8,13.9,13.8,10.1, 9.9. Anal. Calcd. for C14H7NOs: C, 56.95; H, 5.80;
N, 4.74. Found: C, 56.99; H, 5.77; N, 4.71.

Compound 10p

Prepared according to general procedure C. 10p 75:25 mixture of diastereoisomers; Yield 53% (89
mg). Yellowish oil.

H NMR (400 MHz, CDCls, mixture of diastereoisomers) 8: 6.74-6.92 (m, 4H), 6.45 (d, ] = 5.0 Hz,
0.25H), 6.39 (d, J = 6.1 Hz, 0.75H), 5.00-5.11 (m, 0.25H), 4.84-4.98 (m, 0.75H), 4.09-4.31 (m, 2H),
3.66 (dd, J = 8.5, 6.1 Hz, 0.75H), 3.55 (dd, / = 7.0, 5.0 Hz, 0.25H), 1.94-2.17 (m, 1.5H), 1.64-1.83 (m,
0.5H), 1.14-1.44 (m, 9H), 0.76-0.98 (m, 3H); BC NMR (100 MHz, CDCls, mixture of
diastereoisomers) 8: 167.2, 167.0, 146.5, 146.3, 122.3, 122.2, 109.1, 109.0, 108.0, 107.7, 84.9, 84.8,
62.1, 53.3, 52.1, 31.4, 31.2, 30.9, 30.8, 25.2, 25.1, 22.2, 14.0, 13.9. Anal. Calcd. for C;7H2NOg: C,
60.52; H, 6.87; N, 4.15. Found: C, 60.56; H, 6.91; N, 4.18.

Compound 10q

Prepared according to general procedure C. 10q 60:40 mixture of diastereoisomers; Yield 54% (100
mg). Yellowish oil.

1H NMR (400 MHz, CDCl3, mixture of diastereoisomers) &: 7.23-7.33 (m, 3H), 7.12-7.16 (m, 2H),
6.81-6.87 (m, 4H), 6.45 (dd, ] = 5.1, 1.0 Hz, 0.25H), 6.38 (dd, ] = 4.1, 2.0 Hz, 0.75H), 5.03-5.08 (m,
0.25H), 4.91-4.97 (m, 0.75H), 4.14-4.25 (m, 2H), 3.68-3.71 (m, 0.75H), 3.57-3.60 (m, 0.25H), 2.71-
2.78 (m, 1.25H), 2.56-2.66 (m, 0.75H), 2.38-2.48 (m, 1.25H), 2.06-2.15 (m, 0.75H), 1.18-1.25 (m, 3H);
13C NMR (100 MHz, CDCl3, mixture of diastereoisomers) 8: 167.1, 166.8, 146.4, 146.3, 139.2, 139.1,
128.7, 128.4, 126.7, 126.6, 122.3, 122.2, 109.1, 109.0, 107.9, 107.7, 84.1, 83.9, 62.2, 62.1, 53.1, 52.0,
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33.0, 32.9, 31.8, 31.9, 13.7, 13.8. Anal. Calcd. for C2)H21NOs: C, 64.68; H, 5.70; N, 3.77. Found:
C, 64.73; H, 5.73; N, 3.80.

Compound 10r

Prepared according to general procedure C. 10r 75:25 mixture of diastereoisomers; Yield 56% (100
mg). Yellowish oil.

!H NMR (400 MHz, CDCl3, mixture of diastereoisomers) 8: 7.27-7.40 (m, 5H), 6.78-6.86 (m, 4H),
0.42 (d, /] = 5.0 Hz, 0.25H), 6.39 (d, ] = 6.1 Hz, 0.75H), 5.14-5.22 (m, 2H), 4.99-5.06 (m, 0.25H),
4.80-4.92 (m, 0.75H), 3.73 (dd, ] = 8.8, 6.1 Hz, 0.75H), 3.64 (dd, | = 7.4, 5.0 Hz, 0.25H), 2.09-2.16
(m, 0.5H), 1.96-2.04 (m, 0.75H), 1.73-1.85 (m, 0.75H), 1.00 (t, ] = 7.4 Hz, 0.75H), 0.95 (t, ] = 7.3 Hz,
2.25H); BC NMR (100 MHz, CDCl;, mixture of diasteteoisomers) 8: 167.2, 166.8, 146.3, 146.2,
134.7,134.6, 128.7, 128.6, 128.5, 128.4, 122.3, 122.2, 109.1, 109.0, 108.0, 107.5, 86.2, 86.0, 67.9, 67.8,
53.1, 51.6, 25.0, 24.9, 10.1, 9.9. Anal. Calcd. for C1yH1sNOs: C, 63.86; H, 5.36; N, 3.92. Found: C,
63.90; H, 5.32; N, 3.89.

Compound 10s

Prepared according to general procedure C. 10s 75:25 mixture of diastereoisomers; Yield 49% (93
mg). Yellowish oil.

IH NMR (400 MHz, CDCls, mixture of diastereoisomers) 8 : 6.80-6.86 (m, 4H), 6.50 (d, ] = 6.3 Hz,
0.25H), 6.36 (d, ] = 6.2 Hz, 0.75H), 5.17-5.23 (m, 0.25H), 5.09-5.16 (m, 0.75H), 4.04-4.29 (m, 2H),
3.86-3.98 (m, 4H), 3.47-3.53 (m, 1H), 2.74-2.83 (m, 1H), 2.49 (dd, ] = 15.6, 4.1 Hz, 0.25H), 2.17 (dd,
J = 15.7, 1.7 Hz, 0.75H), 1.33 (br s, 3H), 1.21-1.26 (m, 3H); BC NMR (100 MHz, CDCls, mixture
of diastereoisomers) &: 167.1, 167.0, 146.4, 146.3, 122.2, 122.1, 109.1, 109.0, 107.9, 107.8, 107.6,
107.5, 80.4, 80.1, 64.9, 64.8, 64.7, 64.6, 62.1, 62.0, 53.2, 52.8, 39.1, 38.9, 24.1, 24.0, 13.9. Anal. Calcd.
for CyHx1NOs: C, 55.58; H, 5.76; N, 3.81. Found: C, 55.63; H, 5.80; N, 3.84.

Compound 10t

Prepared according to general procedure C. 10t 75:25 mixture of diastereoisomers; Yield 50 % (88
mg). Yellowish oil.

H NMR (400 MHz, CDCls, mixture of diastereoisomers) 8: 6.58-6.74 (m, 3H), 6.40 (dd, | = 5.0,
0.9 Hz, 0.25H), 6.34 (dd, ] = 6.2, 0.6 Hz, 0.75H), 5.00-5.07 (m, 0.25H), 4.86-4.94 (m, 0.75H), 4.17-
4.25 (m, 2H), 3.60-3.65 (m, 0.75H), 3.49-3.54 (m, 0.25H), 2.27 (s, 0.75H), 2.26 (s, 2.25H), 1.98-2.13
(m, 1.25H), 1.69-1.79 (m, 0.75H), 1.19-1.35 (m, 9H), 0.84-0.91 (m, 3H); 3C NMR (100 MHz, CDCls,
mixture of diastereoisomers) 8: 167.3, 167.0, 146.6, 146.3, 144.4, 144.1, 132.2, 132.0, 122.1, 122.0,
108.9, 108.8, 108.5, 108.4, 108.1, 107.7, 84.9, 84.8, 62.1, 53.2, 53.1, 52.0, 31.4, 31.2, 31.1, 30.9, 30.8,
252,251, 222, 21.2, 21.1, 13.9, 13.8. Anal. Calcd. for CisH2sNOg: C, 61.52; H, 7.17; N, 3.99.
Found: C, 61.48; H, 7.14; N, 3.96.

Compound 10u

Prepared according to general procedure C. 10u 65:35 mixture of diastereoisomers; Yield 47% (84
mg). Yellowish oil.

H NMR (400 MHz, CDCl;, mixture of diastereoisomers) 8: 6.60-6.73 (m, 3H), 6.42 (dd, | = 4.9,
0.35H), 6.37 (d, ] = 6.0 Hz, 0.65H), 5.03-5.11 (m, 0.35H), 4.86-4.97 (m, 0.65H), 4.15-4.27 (m, 2H),
3.68 (dd, ] = 8.2, 6.0 Hz, 0.65H), 3.49-3.59 (m, 2.35H), 2.27 (s, 1.05H), 2.26 (s, 1.95H), 2.13-2.32 (m,
1.35H), 1.99-2.11 (m, 0.65H), 1.72-1.96 (m, 2H), 1.20-1.29 (m, 3H); 3C NMR (100 MHz, CDCls,
mixture of diastereoisomers): & 167.1, 166.8, 146.5, 140.3, 144.3, 132.3, 132.2, 122.2, 122.1, 110.0,
109.9, 108.5, 108.4, 107.9, 107.6, 84.0, 62.3, 53.1, 53.0, 51.9, 43.5, 43.4, 28.5, 28.4, 21.2, 21.1, 14.0,
13.9. Anal. Calcd. for CisH20CINOs: C, 53.71; H, 5.63; N, 3.91. Found: C, 53.75; H, 5.60; N, 3.88.
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NMR Spectra of the described compounds can be found at:
https://doi.org/10.1002/adsc.202201314
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3.1 Natural products in organic synthesis

Natural products can be defined as all substances that are produced by any living organism in the
entire world, such as, bacteria, fungi and plants, which means something unambiguously wide and

measureless.

However, to somehow narrow the field to organic chemistry and synthesis, natural products often
refer to organic compounds that are isolated from various natural sources, as main or, more
frequently, as secondary metabolites.! These latter, in particular, are organic compounds that are not
directly involved in the growth, development, or reproduction of the organism that is producing
them, serving various ecological functions such as defence against predators, competition for
resources, or communication. Usually, they can be generated by other reaction pathways and be
present just in traces.?

The interest in these compounds arises and it is often related to their applications and effects on
human sphere, either in pharmacotherapy (especially for cancer and infectious diseases),> ¢ cosmetic,’
or as foods and supplements,? to cite some.

The first challenges consist in their isolation from the natural soutce,” followed by the
characterization and definition of the properties and potential activity towards different systems.
Subsequent steps can be devoted to access them, in considerable amount, through total or semi-
synthesis, which can be more than arduous, but also crucial.!” This is due and resides in the intrinsic
structural complexity of natural derivatives. Moreover, once obtained, further modification to the
structure, or late-stage modifications, can provide an array of useful analogues, with the possibility
to enhance the activity, solubility or bioavailability, or reduce the toxicity.!! Natural sources provide
an incredible starting point for conducting fundamental research on potential bioactive compounds
that can be further developed for commercial purposes, particularly as lead compounds in drug

discovery,'>"'4 but also in other fields, such as agriculture.!

It is well documented how the pharmaceutical industry has shown a progressively decreased interest
in drug development from natural sources in the 21st century, probably due to the many challenges
derived from supply chain, costs of extraction and purification, regulatory affairs and seasonal
variability.!>!7 Moreover, natural sources are not infinite, and climate change with related instability
is a looming threat for their use and investigation, whatever the purpure might be. In this context,
the possibility to envisage a synthetic process for these enigmatic natural compounds appears to be

of paramount importance.'8

Numerous drugs, about 35% of the one at our disposal on the marked every year, have natural
origin,'” and if we consider that less than 10% of wotld’s total biodiversity has been currently
evaluated for potential biological activity,? this can give an idea of what their actual impact is now,
and what it could be also in the future. Few examples are documented in Figure 3.1.

Avermectin Bla is the most potent anthelmintic in the avermectins family, antiparasitic agents
isolated from Streptomyces avermitilis in the 1970s.2! This macrolactone’s first synthesis was envisaged

145



more than a decade later by Hanessian and coworkers,?? but the search for new efficient and
straightforward synthetic routes never stopped. In 2016 a protocol, based on the fragmentation of
the molecule into two distinct segments (north and south) with a final glycosylation, leaded to the

total synthesis of Avermectin B1a.?3

anthelmintic
produced by Steptomyces avermitilis

anti-malarian drug anti-cancer drug
isolated from Artemisia annua isolated from plant Taxus brevifolia

Figure 3.1 Examples of natural drug molecules

Artemisinin is sesquiterpene lactone, which is an organic compound characterized by the presence
of an endoperoxide bridge within the structure, essential for its ability to effectively target and
eradicate the malaria parasite.?* Its mysterious discovery dates back to the years of the Vietnam War,
in which a lot of soldiers lost their lives also due to the contraction of the disease. The war actually
boosted the research for treatments, and through the screening of the traditional Chinese
pharmacopoeia, scientists were able to identify over ten plants that exhibited promising antimalarial
activities. Among these, Artemisia annna (known as qinghao) was particularly noteworthy.?> This has
contributed to further research and the development of effective treatments for malaria, untill the
introduction of artemisinin-based combinatory therapies (ACTs).2¢ Although various routes for the
total synthesis have been reported,?-*" the current reliance on the natural plant as source highlights
the complexities involved in achieving a consistent and cost-effective production of artemisinin,

mostly on large scale.

Paclitaxel, also called Taxol®, is a well-known drug, established treatment in several different types

of tumot, such as breast, ovarian and lung cancer, firstly isolated from Taxus brevifolia. By interfering
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with these activities, paclitaxel prevents proper cellular functioning and induces cell death (cytotoxic
effects).’?

Paclitaxel is one of the most active compounds within the taxanes family, but its low concentration
in the yew trees (about 0.02%) and limited availability of the natural sources, delayed the landing on
the market.3>3 Major advancements were obtained with the identification and isolation of the key
precursor 10-deacetylbaccatin III (10-DAB) in the mote common european Taxus baccata >+
Notwithstanding, researchers still focused on the possible total synthesis of these compounds starting
from more accessible starting materials, an attention that never faded away. Great contribution in
this sense were provided by Holton and Nicolau and their respective groups, with the first total
syntheses ever published,”#" and few years later by Danishefsky and coworkers,*! followed by
Mohira et. al.*> More recent examples testify the continuous search for alternative routes to access

the molecule,?4 as summarized by Figure 3.2.4¢

Danishefsky (1995) Kuwajima (1998) Kishi (2000) Takahashi (formal, 2006)
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B0 O BnQ O HMPA o0
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PHB({ Ban PMBOJ \wn
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Figure 3.2 Summary of synthetic routes to access Paclitaxel. Figure taken from ref.46
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While the scientific advancements have demonstrated the feasibility of synthesizing paclitaxel
through total synthesis, the challenges associated with low yields of intermediates and the numerous
synthetic steps limit its practical application on an industrial scale. Therefore, alternative strategies
such as semi-synthesis, which involves modifying naturally derived precursors, or utilizing more
efficient extraction methods from natural sources, are cutrently favoured.3?

Cutrently, the anticancer is still produced mainly by semi-synthetic procedure from 10-DAB,*” which
is also an intermediate in the synthesis another potent antineoplastic drug, namely Docetaxel, thus
responding to the growing demands of these molecules. Furthermore, a standardized method

guarantees controlled production with higher purity grade of the AP1.#

The report of these few examples, with their challenges and perspectives, aimed to reflect the
complexity derived from the synthesis of important natural products that, however, have great impact

on the pharmaceutical field for the treatment of several major conditions.

During my PhD, I had the occasion of work on the synthesis of different natural products and their
metabolites,*-5! with the possibility of exploiting enabling techniques to achieve the purpose. In
particular, within this thesis work two examples are reported, namely the preparation of flavonoid
Luteoloside starting from the more accessible Luteolin (Chapter 3.2),* and the selective conversion
of Cannabidiol (CBD) into A>-THC and A8-THC, using continuous flow chemistry (Chapter 3.4).>
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3.2 Thesis work: Synthetic approach for the preparation

of Luteoloside

The results presented in this section are adapted from:

A Practical and Efficient Conversion of Luteolin into Luteoloside, Bassetti, B., Ballini, R., Ciceri, D.,

Allegrini, P., Palmieri, A., Synthesis 2021, 53, 4075-4078

3.2.1 Introduction

Flavonoids are a significant class of natural products that are widely present throughout the plant
kingdom, mainly as secondary metabolites.’>% They are characterized by a phenylbenzopyran
backbone structure (Figure 3.3) that is predominantly functionalized with hydroxy or O-derivatized
groups, resulting in a polyphenolic structure.* Due to their widespread presence in various fruits,
such as apples, cherries, oranges, and strawberries, and vegetables, including broccoli, berries, and

onions, flavonoids are regarded as important components of the human diet.35

oo

Figure 3.3 General structure of flavonoids

Furthermore, due to their demonstrated wide range of biological effects, such as anti-inflammatory,>”
antioxidant,>® antimicrobial,>® and anticarcinogenic activities,* flavonoids have garnered significant
attention from academic researchers and have piqued the interest of the supplement and
pharmaceutical industries. The broad spectra of biological properties have made them a subject of

extensive study and have prompted exploration for potential therapeutic applications.6!-62

Among flavonoids, luteolin (11, Figure 3.4) holds significant biomedical relevance, second only to
quercetin (Figure 3.4). Luteolin has shown potential in various areas such as inflammation, cancer,
obesity, and dermatology.®>%* It shares a common feature with quercetin, which is a catechol
functionalization on ring B. The main difference between the two compounds lies in the presence of
an additional hydroxyl group at position C-3 in quercetin. This slight structural variation between
luteolin and quercetin accounts for their distinct properties and potential applications in different

biomedical contexts.%>
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O OH

Luteolin (11) Quercetin

Figure 3.4 Luteolin and quercetin structures

Despite sharing a similar flavonoid core structure, luteolin and quercetin differ in the native glycosidic
forms they possess. In luteolin, glycosylation predominantly occurs at the 7-hydroxyl position,
resulting in the formation of the 7-O-glucoside (also known as luteoloside or cynaroside, 12 , Figure
3.5). On the other hand, quercetin undergoes glycosylation primarily at the 3-hydroxyl position,%
leading to the formation of the 3-O-rutinoside (also known as rutin, Figure 3.5). Both of these
glycosides are naturally occurring and have widespread distribution in nature.

However, it is important to note that while rutin is readily isolated and commercially available,%” the
isolation of luteolin glycosides, such as cynaroside, is less common. As a result, rutin is more readily

accessible for various applications and research purposes compared to luteolin glycoside.

Luteoloside (12) Quercetin-3-O-rutinoside
(Rutin)

Figure 3.5 Luteoloside and Rutin structures

In contrast, the isolation of luteoloside from its primary natural sources, such as artichoke (Cynara
scolimus 1.), weld (Reseda luteola 1..), and Japanese honeysuckle (Lonicera japonica Thumb), presents
challenges due to its lower overall concentration compared to sources of rutin.® Additionally, the
purification process of luteoloside is further complicated by the presence of analogues or structurally
similar compounds that coexist in these sources. These factors make the isolation and purification

of luteoloside more complex and potentially less efficient. As reported in Figure 3.6, its isolation
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from Cynara scolymus 1., require a long and tedious procedure with number of liquid-liquid extractions,
with consequent employment of large amount of solvents, filtrations, oven drying, and also column

chromatography purification.

Nevertheless, luteoloside is getting more and more attention in research field, and many recent
articles can be found in literature, documenting a variety of activities, exerting an important role in
respiratory, cardiovascular and central nervous systems.””

Luteoloside exhibits diverse pharmacological effects, including antioxidant,” anti-inflammatory,’>73

antimicrobial,’* and anticancer.”>76

~500g artichoke

Liquid-liquid Liquid-liquid
extraction Extraction, Solubilization,
solvent concentration, solvent precipitation, Concentration.

i Reversed phase
basification concentration, fittration, sileagal Wasing)
overnight oven van diviee H t - filtration,
s > x2) chromatrography Ao
drying \

atomized
hydroalcoholic
extract

Amount of Luteoloside
obtained from the process

~4% yield
~27% yield

Figure 3.6 Example of extraction process of Luteoloside, performed by Indena Spa

In vitro studies have shed light on specific cellular and molecular mechanisms associated with this
compound, however, further investigations are necessary to precisely elucidate its mechanisms,
considering its versatile nature. As well as pharmacokinetic and toxicological studies to determine
the absorption, availability, and metabolism of luteoloside.”™ Still, these preliminary results open up
new possibility for the application of this compound, that could be enhanced with a specific

methodology for its synthesis.

For these same reasons, a valuable alternative to overcome the extraction and purification issues can
be provided by the synthetic approach. However, only few protocols are reported in the literature,
such as the one proposed by Lee et a. (Scheme 3.1), 77 starting from benzyl protected luteolin in the

catechol moiety, which however suffers from a low overall yield (22%).
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Scheme 3.1 Lee et al. approach for the synthesis of Luteoloside

3.2.2 Results and discussion

Based on previous experimentations focused on the synthesis and derivatization of heterocyclic
systems,’8-8 and of biologically active natural compounds,’-82 made by our research group, we
started our investigation towards a more efficient method for the conversion of luteolin into
luteoloside. The aim was to provide an improved approach that allows larger-scale production, which
is crucial for conducting in vivo bioactivity studies. Additionally, it facilitates the generation of
analytical standards that can be used for quantification purposes in food and medicinal plants, thereby

enhancing the purification efficiency of luteoloside.

= Stepl

We began our study by exploring the protection of luteolin’s catechol functionality (Step 1,
Table 3.1). Preliminary trials were performed using a,a-dichlorodiphenylmethane (1.5-1.6 eq.)
in diphenyl ether and at a temperature of 165-175 °C (Table 1.3, Entries 1-2), after a literature
research.8384 In the first case, diphenylmethylene ketal derivative 13 was obtained after 2.5 houts
in 51% yield, after a long work-up and purification. Using the second procedure, with a slightly
enhanced temperature of 175 °C but shorter reaction time, the product was isolated in 41%.

A further increase in temperature to 185 °C, which is difficult to achieve, control and maintain
in conventional batch synthesis, especially for long reaction time, led to a slightly increased

product yield (57%, Table 3.1, Entry 2). Therefore, to increase the efficiency of the conversion,
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we switched from conventional heating to microwave irradiation (see Chapter 1.3 for a general

overview of this enabling technology).

Table 3.1 Investigation on the protection of luteolin's catechol moiety

Step 1 (0] OH

dichlorodiphenylmethane

OH
Solvent,

temperature, time o)
OH Luteolin 11 Ph—Y 0 13
Ph
Entry Solvent T [°C] Warming time [h] 13 [Yield %)]
1 PhOPh 165 Conventional heating 2.5 51
2 PhOPh 175 Conventional heating 0.5 41
3 PhOPh 185 Conventional heating 3 57
4 PhOPh 185 MW 2 82
5 PhOPh 175 MW 2 75
6 1,4-Dioxane 185 MW 2 87
7 CPME 185 MW - -
8 2Me-THF 185 MW - -

By means of this technique, which bear the flexibility to work under pressure, we were able to expand
the range of solvents that could be used in the process. In fact, this allowed us to explore the effects
of different cthereal solvents on the synthesis of intermediate 13, and optimize the reaction
conditions. The transfer of batch conditions to MW had the outcome of leading to the isolation of
the product in 82% after 2 hours (Table 1.3, Entry 4), providing also a cleaner reaction profile, as
visible on TLC plates, by teduction of byproducts. A decrease in temperature to 175 °C provided
75% of yield (Tabe 1.3, Entry 5). The best yield, 87%, was obtained by conducing the reaction
in 1,4-dioxane at 185 °C (the reaction proceeded at 85— 90 W, generating 9 bar of pressure,
Table 1.3, Entry 6). The use of less polar solvents, such as cyclopentyl methyl ether (CPME)
and 2-methyltetrahydrofuran (2-MeTHF) failed in the warming up to 185 °C (Table 1.3,
Entries 7-8).85

= Step 2
Subsequently, we adopted a strategy, inspired by the results obtained by Saha for similar substrates,%
for the glycosylation. Initially, we conducted the reaction using x-D-glucose pentaacetate under Lewis
acid conditions, specifically employing BF;-OFEts; however it resulted to be completely ineffective.
Then, we decided to change approach and to use 1-bromo-a-D-glucose tetraacetate (16) as the

glycosyl donor, in the presence of tetrabutylammonium bromide (TBAB), K>COj3, and chloroform,
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motivated by the results obtained by Wang when applying this methodology for the derivatization of
4'-O-benzylapigenin. Under these reaction conditions, we wete able to successfully isolate product
14, in a very good yield of 80% (Scheme 3.2).

Step 2
O OH OAc
AcO,,, WOAc
O. _.Br TBAB
AcO 0.25 M K,CO4 l OAc
. ! - (o) (o )ie}
AV ,
AcO ‘OAc  CHCIy 45 °C, 4h

OAc Q

16 Ph)ro 14

Scheme 3.2 Synthetic approach for the preparation of compound 14

The following steps were necessary for the deprotection of the ketal moiety and for the deacetylation,

to provide the final product luteoloside 12.

= Step3
Our primary focus was directed towards the removal of the diphenylmethylene ketal moiety. In this
context, hydrogenolysis emerged as the most effective approach.8-%
Notably, we achieved a yield of 75% for compound 15 by employing 10% Pd/C (350 mg/mmol) as
a catalyst, hydrogen gas (Hy) at 2 atm, and a solvent mixture of ethanol and 1,4-dioxane (Scheme
3.3).
The addition of 1,4-dioxane in the solvent mixture played a crucial role in enhancing the solubility
of compound 14 and, consequently, improving the overall reaction efficiency. In fact, when the same
reaction was performed without 1,4-dioxane, it resulted in incomplete conversion and a lower yield
of 58% for compound 15.

OAc Step 3

O OH OAc
o 0" o OAc 10% Pd/C, H2 o OAc
o EtOH/1,4-Dioxane
18h

14
F’h)ro 75%

Ph

Scheme 3.3 Deprotection of the ketal moiety

= Step 4
Finally, we focused on the deacetylation of compound 15 to obtain the desired luteoloside 12. For
this purpose, we successfully applied the conditions established by Kondo and Oyama for similar
flavonoids.” Specifically, the hydrolysis reaction was carried out using sodium methoxide in a
solution of methanol and chloroform in a 2:1 ratio. As a result, compound 12 was isolated with a
yield of 76% (Scheme 3.4).
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We also explored an alternative approach by attempting the reaction reaction using a 2 M solution
of ammonia in methanol. However, this attempt did not lead to any improvement in the yield of the
desired product. Instead, the yield obtained was 66%, which was slightly lower compared to the yield

achieved with the sodium methoxide/methanol-chloroform system.

Step 4

O OH OAc OH
AcO,,, WOAc WOH
| O NaOMe o

OAc ————————>
O 0 0" o MeOH/CHCI, rt, 4h o
HO
HO 14 OH Luteoloside 12

76%

Scheme 3.4 Final deacetylation step

To briefly summarize, our final protocol was based on four synthetic steps (Scheme 3.5): the
protection of the 3’ and 4’ hydroxyl groups using a,a-dichlorodiphenylmethane (Step 1), the 7-O-
glycosylation using 1-bromo-a-D-glucose tetraacetate (Step 2), the cleavage of the diphenyl-
methylene ketal moiety (Step 3), and the final hydrolysis of the four acetal esters to provide 12
(Step 4).

(o] OH OH [¢] OH OAc
HO,,, WOH AcO,, WOAc
8% L)
OH
O o 0" o - O 0 07 Yo NOAC
HO 12 Luteoloside HO 15
OH OH

Scheme 3.5 Synthetic procedure for the preparation of luteoloside

This synthetic approach allows for the efficient conversion of luteolin into luteoloside, achieving a
40% overall yield.

By employing this novel method, we aim to address the challenges associated with the isolation and
purification of luteoloside from natural sources. The developed approach not only enables a more
scalable production of luteoloside but also provides analytical standards that can be utilized for
accurate quantification in various applications. The enhanced purification efficiency achieved
through this method opens up new possibilities for exploring the bioactivity and potential therapeutic

applications of luteoloside.
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3.2.3 Experimental section

Procedure for compound 13

A solution of luteolin (11; 0.572 g, 2 mmol) and a,a-dichlorodiphenylmethane (0.711 g, 3 mmol) in
1,4-dioxane (16 ml) was irradiated using Biotage Initiator at 185 °C for 2 h. Then, the reaction
mixture was transferred to a beaker and treated with PE (50 mL) to favor the precipitation of the
crude compound 13. The precipitate was collected by filtration on a Blichner funnel under vacuum

and purified by flash column chromatography on silica gel (hexane:EtOAc = 7:3, R, = 0.32).

Yield: 87% (0.784 g); Yellow solid; mp: 209-211 °C; IR (cm!, neat): 3070, 1648, 1596, 1485, 1378,
1338, 1251, 1168, 1017, 839, 697, 641 cm~". TH-NMR (DMSO-ds, 400MHz) 8: 12.85 (s, 1 H), 10.88
(brs, 1 H), 7.77 (d, ] = 1.7 Hz, 1 H), 7.69 (dd, ] = 8.3, 1.8 Hz, 1 H), 7.56-7.49 (m, 4 H), 7.48—
7.40 (m, 6 H), 7.21 (d, ] = 8.3 Hz, 1 H), 6.88 (s, 1 H), 6.50 (d, ] = 2.1 Hz, 1 H), 6.17 (d, ] = 2.1 Hz,
1 H). BC-NMR (DMSO-ds, 100 MHz): 8: 182.5, 165.0, 163.4, 162.1, 158.0, 150.2, 147.9, 139.8,
130.3, 129.4, 126.5, 125.7, 122.9, 118.2, 109.9, 107.5, 104.9, 104.5, 99.6, 94.8. Anal. Calcd for
CyH 5O, (450.45): C, 74.66; H, 4.03. Found: C, 74.71;H, 4.06.

Procedure for compound 14

A 0.25 M aq. solution of K,COj; (16 mL) was added to a CHCl; (50 mL)mixture of 13 (0.9 g, 2
mmol), TBAB (0.322 g, 1 mmol), and 1-bromo-a-D-glucose tetraacetate 16 (1.645 g, 4 mmol).
The resulting mixtute was stirred at 45 °C for 5 h, then the solution was left to cool down to t.t.
The two layers were separated by means of a separatory funnel and the aqueous layer was
extracted with CHCl; (3 X 30 mL). The com- bined organic layers were dried (Na2SOy), filtered,
and evaporated un-der reduced pressure to give the crude product 14, which was purified by
chromatography on silica gel (PE:EtOAc = 7:3, R, = 0.29).

Yield: 80% (1.249 g); pale yellow solid; mp: 115-117 °C. IR (cm!, neat): 3087, 1747, 1655,
1608, 1490, 1445, 1212, 1173, 1038, 1014, 820, 697, 598 cm-'. 'TH-NMR (CDCls, 400 MHz): :
12.78 (s, 1 H), 7.60-7.54 (m, 4 H), 7.45 (dd, ] = 8.2, 1.9 Hz, 1 H), 7.42-7.36 (m, 7 H), 6.99 (d, ] =
8.2 Hz, 1 H), 6.57 (d,] = 2.2 Hz, 1 H), 6.55 (s, 1 H), 6.43 (d, ] = 2.2 Hz, 1 H), 5.35-5.27 (m, 2 H),
5.19-5.13 (m, 2 H), 4.29 (dd, ] = 12.3, 5.9 Hz, 1 H), 4.20 (dd, ] = 12.3, 2.4 Hz, 1 H), 3.98-3.89
(m, 1 H), 2.10 (s, 3 H), 2.07 (s, 3 H), 2.06 (s, 3 F1), 2.04 (s, 3 H). BC-NMR (CDCls, 100 MHz): &:
182.7, 170.9, 170.4, 169.7, 169.5, 164.4, 162.5, 162.2, 157.5, 150.8, 148.4, 139.7, 129.7, 128.7,
126.4,125.2,122.0, 118.7, 109.2, 107.1, 106.9, 105.1, 100.0, 98.4, 95.7, 72.8, 72.6, 71.1, 68.4, 62.1,
20.9, 20.8. Anal. Calcd for C,,H;0,; (780.74): C, 64.61; H, 4.65. Found: C, 64.56; H, 4.61.

Procedure for compound 15

In a Parr reactor, compound 14 (1.171 g, 1.5 mmol) was dissolved in a EtOH/1,4-dioxane mixture
(9:1, 350 mL) and 10% Pd/C (0.525 g) was added. The suspension was hydrogenated (2 atm) at r.t.
and understirring for 24 h. Then the catalyst was removed by filtration through a silica gel pad
and washed with EtOAc (100 mL). Finally, after the evaporation of the solvent under vacuum, the

crude product 15 was purified by flash column chromatography on silica gel (CHCl3:MeOH = 98:2,
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R, = 0.25).

Yield: 75% (0.694 g); yellow solid; mp: 193-195 °C. IR (cm-!, neat): 3497, 1747, 1660, 1596, 1493,
1366, 1212, 1176, 1038, 839, 756, 602 cm~'. TH-NMR (DMSO-ds, 400 MHz) 8: 13.04 (br s, 1 H),
9.68 (br s, 2 FI), 7.47-7.35 (m, 2 H), 6.88 (d, ] = 8.3 Hz, 1 H), 6.76 (s, 1 H), 6.74 (d, ] = 2.1 Hz, 1 H),
643 (d, ] = 2.1 Hz, 1 H), 5.75 (d, ] = 8.0 Hz, 1 H), 5.39 (¢, ] = 9.5 Hz, 1 H), 5.12-5.05 (m, 1 H),
5.00 (t, ] = 9.5 Hz, 1 H), 4.36-4.28 (m, 1 H), 4.21-4.14 (m, 1 H), 4.12-4.06 (m, 1 H), 2.02-1.99
(m, 19 H), 1.96 (s, 3 H). BC-NMR (DMSO-dg, 100 MHz) 8: 182.6, 170.6, 170.3, 170.1, 169.8,
165.3, 162.2, 162.1, 157.5, 150.7, 146.5, 121.9, 119.9, 116.6, 114.3, 106.6, 103.9, 99.9, 97.5,
95.7, 72.5, 71.8, 71.1, 68.6, 62.4, 21.1, 21.0, 20.9. Anal. Calcd for C,H, 0, (448.38): C, 56.25;
H, 4.50. Found: C, 56.29; H, 4.53.

Procedure for compound 12 (Luteoloside)

To a solution of 15 (0.616 g, 1 mmol) in a mixture of MeOH/CHCI; (2:1,30 mL) was added
NaOMe (6 mmol, 0.324 g) at rt. After stirring for 4h, the reaction mixture was neutralized with
Dowex 50W- 8X(H™), filtered, and evaporated under vacuum to give the crude luteoloside (12),
which was purified by flash column chromatography on silica gel (CHCI;:MeOH = 8:2, R, =
0.35).

Yield: 76% (0.341 g); yellow solid; mp: 260-262 °C. IR (cm, neat): 3287, 1655, 1592, 1493,
1255, 1172, 1061, 1026, 839 cm~1. TH-NMR (DMSO-ds, 400 MHz): 8: 13.00 (br s, 1 H), 7.47—
7.41 (m, 2 H), 6.91 (d, ] = 8.3 Hz, 1 H), 6.80 (d, ] = 2.1 Hz, 1 H), 6.76 (s, 1 H), 6.45 (d, ] = 2.1 Hz,
1H),5.09 (d, ] = 7.5 Hz, 1 H), 3.75-3.68 (m, 1 H), 3.52-3.42 (m, 2 H), 3.35-3.24 (m, 2 H), 3.21—
3.15 (m, 1 H). BC-NMR (DMSO-d6, 100 MHz): 8: 182.6, 165.2, 163.6, 161.8, 157.6, 150.7, 146.5,
122.0, 119.9, 116.6, 114.2, 106.0, 103.8, 100.5, 100.2, 95.4, 77.8, 77.1, 73.8, 70.2, 61.3. Anal.
Calcd for C,H,0,, (448.38): C, 56.25; H, 4.50. Found: C, 56.29; H, 4.53.

NMR Spectra of the described compounds can be found at:
https://doi.org/10.1055/a-1531-2385
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3.3 Thesis wotk: Continuous flow synthesis of A~ THC
and A*~THC from Cannabidiol

The results presented in this section are adapted from:

Continuous-Flow Synthesis of A%Tetrahydrocannabinol and AS-Tetrahydrocannabinol from

Cannabidiol, B. Bassetti, C. A. Hone, C. O. Kappe, J. Org. Chenz. 2023, 88, 9, 6227-6231

3.3.1 Introduction

Cannabis is an important plant, indigenous to Central Asia and the Indian subcontinent, which has
been used for a variety of applications since the ancient times.?! It was firstly exploited as a source of
textile fibers, but also to make papet, ropes, clothes, oils and as a medicine.”?

Nowadays this plant has seen a renewal of interest precisely for its multi-purpose applications, with
particular attention from the pharmaceutical and construction fields. Indeed, bioplastic and concrete-

like materials can be made out from its stem tissues. 9394

From a botanical standpoint, generally three different species of hemp are described: Cannabis sativa,
Cannabis indica and C. ruderalis. Each of these present different characteristics, such as height, size,
leaflets, colour.”> Hence, Cannabis is a complex plant, counting over 500 chemical entities of which
the most representative class is composed by phytocannabinoids, i.e. merotherpenes with a very
differentiated number of effects.%

Among them, A’tetrahydrocannabinol (A>-THC), the primaty psychoactive constituent of
Cannabis, tetrahydrocannabinolic acid (THCA), cannabinol (CBN), cannabidiol (CBD), the primary
non-psychotropic active compound, cannabidiolic acid (CBDA) and cannabigerolic acid (CBGA),
the biosynthetic precursor of both THCA and CBDA (Scheme 3.6).”

In fact, phytocannabinoids are biosynthesized in the acid form in plant tissues; then, under the action
of heat and light, they undergo decarboxylation. Usually, they accumulate in the secretory cavity of
the glandular trichomes, which are found in most aerial parts of the plants, but they have also been
detected in low quantity in seeds, roots and the pollen.”® More generally, the concentration of these
compounds depends on tissue type, age, variety, growth conditions, like nutrition, humidity, light

level, harvest time and storage conditions.”

Most of the biological properties ascribed to cannabinoids rely on their interactions with the
endocannabinoid system, in which two main receptors have been identified: cannabinoid receptor 1
(CB1) and cannabinoid receptor 2 (CB2).1%
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Scheme 3.6 Principal phytocannabinoids

CB1 receptors are widely distributed throughout the central nervous system (CNS) and the peripheral
nervous system (PNS), affecting fundamental functions such as, memory, emotion, cognition, and
movement.'”! Moreover, they are found in regions involved in the modulation of nociceptive
transmission and pain perception. CB2 receptors are located peripherally and are thought to have
immunomodulatory effects and to regulate the cytokines activity, but they are also present in the

gastrointestinal system.!02103

Among phytocannabinoids, A>-THC, is a partial agonist of both CB1 and CB2 receptors, but has
higher affinity for the CB1 receptor, which appears to mediate its psychoactive properties. Besides
these, A’>-THC exerts its action through other receptors and exhibits potent anti-inflammatory, anti-
cancer, analgesic, ' muscle relaxant, neuro-antioxidative and antispasmodic activities,'’> and in the
prevention of nausea. % Nevertheless, his application in current pharmacology is limited by its

important side effects, which include anxiety, cholinergic deficits, and immunosuppression and by
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its narrow therapeutic index.”? A combination with CBD, which seems to have very low affinity with
CB receptors and to play a protective role, could be able to mitigate some of these adverse reactions,

like the anxiogenic and psychotic effects.!07:108

Under acidic conditions, A°>-THC isomerizes to its thermodynamically more stable double bond
isomer, AS-THC (Figure 3.7). A>-THC displays milder psychoactive effects when compared to A9-
THC but shows comparable efficacy in vitro and in vivo.'” Although being less abundant in natural
cannabis than A% THC, recently there has been growing interest (and concerns) towards this
compound.!®112 Further clinical pharmacology studies will be essential for a comprehensive
understanding of AS-THC's pharmacokinetics and pharmacodynamics, as well as its distinct

characteristics compared to A>-THC.!13

(0]

AW

A8-Tetrahydrocannabinol (A8-THC, 19)
Figure 3.7 A®-tetrahydrocannabinol structure

Cannabidiol (CBD), is the most important phytocannabinoid after A>-THC.

CBD, the second major compound present in C. sativa, displays many characteristics and activities
that differ from its cyclized counterpart A>-THC.”® For this reason, intensive studies have been
performed in order to clarify its pharmacological effects and its mechanism. !4

The main difference between CBD and A’-THC, is that the first one does not exhibit a psychotropic
activity, as well as significantly reduced and generally mild side effects.!'> CBD lack of action seems
to be accountable for a very low affinity to cannabinoid receptors, due to a difference in the
conformation adopted by the two compounds while interacting with the binding site.!'¢ One of the
more accounted and described effect of Cannabidiol is the anticonvulsant one.'!” It is a potential
therapeutic agent also for the treatment of chronic pain,''® neurodegenerative diseases,'!’
schizophrenia,'?>1?! and affective disorders. It has also anxiolytic, anti-inflammatory and

immunomodulatory properties.!??

At the moment there are a few approved drugs derived from Cannabis. Dronabinol (A°-THC), in the
isomer (-)-trans, an oral preparation, to treat severe nausea and vomiting caused by chemotherapy
and HIV/AIDS-induced anorexia.'? Nabilone, marketed as Cesamet™ in 2006, is a synthetic
cannabinoid with the same therapeutical use and for neuropathic pain.!?* A cannabis standardized
combination of A>-THC/CBD, namely Nabiximols (Sativex®), was approved in 2010 as a botanical
drug in the United Kingdom. The U.S. Food and Drug Admininstration approved, in 2018, Epidiolex,
a cannabidiol (CBD) oral solution for the treatment of seizures associated with two rare and sever

form of epilepsy.!?°
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Extraction procedures are a well-established method to obtain cannabinoids,!?%!27 but the increasing
interest and demand in these compounds, and also in their metabolites (present in lower amount in
the extracts) and derivatives,'?812? made the search for synthetic strategies of primary importance.
Though many studies have been focused on the synthesis of CBD, there are a number of synthetic
strategies to access A>-THC, for which different chiral pool terpenoids and asymmetric chemo- and
biocatalytic approaches were explored.!3

The first stereospecific synthesis of (-)-A%-trans-THC (18) was published by Mechoulam et al. in 1967
(Scheme 3.7). The synthesis involves the condensation of olivetol and (S)-cis-verbenol in the
presence of a Lewis acid (pTSA or BF3), resulting in the formation of (-)-A8-trans-THC (19). To
convert compound 19 to compound 18, it is treated with hydrochloric acid and zinc chloride as

catalyst, and finally with sodium hydride.

OH
O, R, 2= Qe
. “‘ 45%
HO CsHiy ‘OH O
Olivetol (-)-verbenol HO CsH14
B/:a
BF; 85%
35%
Cl
NaH y oH HCI, ZnCl,
- o P S—
(6] CsHyy CsHaq
(-)-trans-A°-THC (18) 85% (-)-trans-A8-THC (19)

Scheme 3.7 First A>-THC synthesis by Mechoulam, Braun and Gaoni

Few years later, Razdan et al. reported a one-step reaction from (+)-#rans-p-mentha-2,8-dien-1-ol and
olivetol in the presence of BF;*OEt; and MgSOy to afford A>-THC (18) in 31% yield after column
chromatography (Scheme 3.8, a), while Petrzilka and co-workers exploited the same terpenoid to
achieve the stereoselective synthesis of AS-THC (19), via formation of (—)-#rans-CBD (18) upon
electrophilic aromatic substitution, subsequent cyclization to A>-THC, and final isomerization to the

more stable isomer 19, using pTSA (Scheme 3.8, b).
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Scheme 3.8 Stategies for the preparation of A>-THC and A-THC

This method is still commonly used, since it is a straightforward approach to obtain 18, in a single
step. Recent methods have utilized asymmetric catalysis or auxiliaries for the stereospecific
preparation of THC analogs.!3-133 Nevertheless, considering scalability, the use of chiral pool
feedstocks is still favoured, despite the fact that they provide low to moderate selectivity to a
particular THC product.

In this context, the utilization of flow technologies for the synthesis of THC analogs has received
attention, 3137 enabling precise control over reaction parameters and offering several advantages in
terms of efficiency, selectivity and further scalability (see Chapter 1.4 for more insights on Flow
Chemistry).13

Among these, Antoniotti and co-workers reported a flow synthesis using supported species (Au
nanoparticles and Ti-doped montmorillonite) under O, atmosphere, that leads to the formation of
orfo-THC derivatives, unfortunately with relatively poor selectivity (Scheme 3.9, a).!3* More recently,
Rutjes and co-workers envisaged a continuous-flow synthesis methods starting from (+)-zrans-p-
mentha-2,8-dien-1-ol and (—)-verbenol and using both homogeneous and heterogencous Lewis
acids, but this afforded 19 and 18 in low isolated yields, 17% and 30%, respectively (Scheme 3.9,
b).137
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Scheme 3.9 Antoniotti (a) and Rutjes (b) flow strategies for the synthesis of tetrahydrocannabinoids

One effective strategy for the formation of A°>-THC (18) and A8-THC (19) involves the intramolecular
cyclization of CBD (17) through acidic catalysis (Scheme 3.10).13

/ o AN pathway B
/ \ (less favoured)
“‘ pathway B —

acid

CsHyq

pathway A CBD (17)
e
pathway A

CsHyy

CsHiy
AS-THC (18) ABTHC (19)

Scheme 3.10 Reaction pathways for acidic cyclization of CBD

This can lead to two main pathways either via the activation of the A% double bond to form A>-THC
(19) or the A! double bond (generally less favoured) resulting in A8-Zso-THC (20). In this context,
measuring the distribution of the reaction components at a single time end point in different
conditions has proven to be an interesting approach,!4 especially as both A>-THC and A8-iso-THC
can overreact to more thermodynamically stable products, namely A-THC (19) and (A%)3-is0-THC
(21) respectively.

The reaction of CBD in the presence of thermal and acidic conditions has been the subject of
contrasting results in the literature. The acid-catalyzed cyclization process is highly dependent on
various reaction parameters, including the specific acid species employed, reaction temperature, and
reaction time. Therefore, careful optimization and selection of appropriate reaction conditions are

necessary to achieve the desired cyclization and product formation.
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With this in mind, we started our study by collecting time profile data in batch under different acidic
conditions and then used this knowledge to develop continuous-flow protocols for the selective

synthesis of A>-THC (18) and AS-THC (19).

3.3.2 Results and discussion: batch investigation

Initially, the influence of different Lewis and Bronsted acids on conversion and selectivity towards
compound 18 and 19 was investigated (Scheme 3.11 and Table 3.2). Since our objective was
obtaining a high conversion of CBD while minimizing the formation of undesired products (A8-iso-
THC, (A*8-iso-THC and CBN), a thorough understanding of the reaction kinetics was required,

particularly how it is influenced by the choice of acid species.

U ® J
Y CsHq 0 CsHaq
O Acid species (1.2 eq) AS-THC (18) ABTHC (19)
CsHiy CH,Cly (5 mL) O OH
T=X°C : *
CBD (17) multiple time points O
(©) CsHyqy

0.5 mmol
CBN (22)

HO

m

CsHyy

CsHy4
A8-iso-THC (20) A*®)iso-THC (21)

Scheme 3.11 General reaction scheme for CBD cyclization

A reaction network consisting of four first-order rate-limiting steps based on the cannabinoid species
was analyzed using kinetic fitting software Compunetis. The simultaneous fitting of the rate constants
to the experimental data allowed for a detailed understanding of the reaction kinetics and provided

insights into the relative importance of each step in the process (Scheme 3.12).

k

2
k1/, AS-THC — A%-THC
CBD
~ ka
k — A*®)jso-THC

3

Scheme 3.12 Model structure for the kinetic fitting

In order to investigate the conversion, and based on literature research,!3>!% we set some parameters
and operating actions, such as the solvent (CH2Cly), the equivalent of the acid (1.2) temperature
(generally -10 °C, 0 °C and rt), and the sequential sampling of the reaction to monitor the conversion
e possible side-products formation over time. All the experiments were conducted using 0.5 mmol

of CBD 17 (Table 3.2).
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As boron trifluoride etherate (BF3-OEty) is a commonly used acid for the preparation of A*-THC
from CBD, we started our studies using this acid. The best conversion was obtained performing the
reaction at -10 °C, and it gave 98% conversion of CBD and 85% selectivity of 18 within 2 h (Entry
1). The reaction rate displayed a 5-fold inctease at 0 °C when compared to —10 °C (k1 °c/ 41,-10 °C
= 5.09), providing 83% selectivity within 30 min at 0 °C (T'able 3.2, Entry 2; kintic is shown Figure
3.8, a).

The overreaction of A>-THC to the more thermodynamically stable A3-THC isomer was very slow,
with 1% selectivity. The main side product was A8-iso-THC, with a slight increase observed at 0 °C
(entry 2). Interestingly, when switching to toluene (PhMe) as solvent, a higher formation of A8-so-
THC (20) was favored (Table 3.2, Entry 3), and after 22 h, the overreaction product, (A%38-iso-HC
(21), resulted in 32% selectivity (Table 3.2, Entry 4; Figure 3.8, b). This is particularly relevant for
possible further investigations, since the is0-THC compounds have received less attention compared

to the other cannabinoids.!#!

Table 3.2 Lewis acid batch screening of CBD (17) cyclization

Entry Acid T [°C] time conv. 17¢ sel. 18 sel. 19 sel. 20° sel. 21¢
1 BF; OEt, -10 2h 98 85 1 14 -
2 BF;-OEt; 0 30 min >99 83 1 16 -
3% BF;-OEt; 0 7h >99 30 21 45 4
45 BF;-OEt; 0 22h >99 1 54 7 32
5 In(OTH)3 —-10 4h 94 80 11 10 -
6 In(OTY); 0 30 min 88 81 9 10 -
7 Sc(OTi)3 0 30h 83 92 5 4 -
8 Sc(OTi)3 rt 3h 98 81 13 6 -
9 TMSOTf -10 2 min 97 81 13 5 -
10 TMSOTf -10 1h >99 2 90 2 5
1 TMSCI rt 48 h 63 83 3 14 -
12 TiCly -10 2 min >99 11 43 2 2
13 AlCl; -10 2 min >99 87 2 3 -

9Determined by GC-FID peak area percent. Percent of product with respect to all peaks except the substrate
"Reaction was performed in PhMe as solvent.

We next investigated the influence of metal triflates, specifically of In(OTf); and Sc(OTf)s. It was
observed that In(OTf); exhibited moderate reactivity, resulting in 94% conversion of 17 and 80%
selectivity towards 18 within 4 hours at a temperature of -10 °C (T'able 3.2, Entry 5). At 0 °C the
reaction rate was increased, but with comparable results in term of selectivity (Table 3.2, Entry 6).
On the other hand, Sc(OTf)3 required a higher temperature to promote the reaction, leading to 83%
conversion only after 30 hours (Table 3.2, Entry 7) and achieving a similar selectivity towards A’-
THC when working at 0 °C (Table 3.2, Entry 8).
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Figure 3.8 Kinetic fitting and reaction profiles under different Lewis acidic conditions

Subsequently, we examined the use of trimethylsilyltrifluoromethanesulfonate (TMSOTT), which
caused a rapid reaction rate (Figure 3.8, c), with 97% conversion of CBD 17 and 81% selectivity of
A%-THC 18 within 2 min of reaction time (Table 3.2, Entry 9). By continuous collecting of the
reaction, TMSOTT afforded 90% selectivity of AS-THC 19 after 60 min, and the overreaction of A8-
is0-THC 20 to (A*3-is0-THC 21 was also observed (Table 3.2, Entry 10), providing further
understanding of the reaction selectivity.

Trimethylsilyl chloride (TMSCI) was also expored but it displayed a slow reaction rate, with only 63%
conversion and 83% selectivity toward A>-THC after 48 h at room temperature (Table 3.2, Entry
11). The use of titanium chlotide (TiCly) resulted in a fast reaction rate with >99% conversion within
2 min, but leaded to a complex impurity profile (Entry 12).

Interestingly, the use of anhydrous aluminum trichloride (AICl3) at —10 °C afforded full conversion
of 17, with 87% selectivity of 18. Moreover, low amounts of A-THC and A8-iso-THC wete detected
also after 15 min of reaction (Entry 13). The observed result was intriguing also do to the absence
of previous reports utilizing this acid for the synthesis of A>-THC from CBD.

Next, we proceeded to assess the effects exerted by Bronsted acids. In particular, we examined p-
toluene sulfonic acid (pTSA), camphorsulfonic acid (CSA), trifluoroacetic acid (TFA) and
chlorosulfuric acid (HSO3CI). The first needed 0 °C for activation, with 51% conversion of 17 and
80% selectivity of A-THC after 30 h (Table3.3, Entry 1). Incomplete conversion (93%) was
obtained at room temperature, with a selectivity of 68% and 28% for A>-THC 18 and AS-THC 19,
respectively (Entry 2). In the case of CSA, the use of low temperatures (—10 °C to rt) gave very low
conversion and reaction rate. Under reflux conditions, it provided 81% conversion of 17 and 67%
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selectivity of A>-THC were (Table 3.3, Entry 3). We decided to do some trials exploiting microwave
irradiation, however, after some investigation concerning acid equivalents, time and temperature, the
product distribution between A>-THC and AS-THC could not be improved (Table 3.3, Entries 4-
6). At a temperature of -10 °C, TFA demonstrated good selectivity towards 18 but provided only a
16% conversion of compound 17 after 6 hours (Table 3.3, Entry 7). Lowering the temperature to
0 °C improved the reaction rate, but it led to the formation of a mixture of products (Entry 8). On
the other hand, when HSO3CI was employed as a reagent, the reaction proceeded rapidly even at -
10 °C, resulting in an 84% selectivity toward AS-THC 19 within 10 minutes.

No overreaction of A8-iso-THC (20) to form (A*3-is0-THC (21) was observed in the presence of

Bronsted acids.

Table 3.3 Bronsted acid batch screening of CBD (17) cyclization

Entry Acid T [°C] time conv. 17° sel. 187 sel. 19° sel. 207
1 PTSA 0 30 h 51 80 8 8
2 PTSA rt 1.5h 93 68 28 2
3 CSA 40 3h 81 67 30 4
4 CSA 65 [IMW] 45 min 49 80 16 4
56 CSA 90 [IMW] 15 min 81 59 37 4
65 CSA 110 [MW] 10 min 96 23 74 3
7 TFA -10 6h 16 94 6 -
8 TFA 0 3h 88 77 17 6
9 HSOsCl -10 10 min 94 7 84 4

“Determined by GC-FID peak area percent. Percent of product with respect to all peaks except the substrate.

YExperiments were performed using 1.5 eq of acid.

Later, we expanded the studies to supported acid reagents (Table 3.4), as they have the potential
benefit of a simplest work-up by means of just a filtration, since the product is in a separate phase to
the acid, assuming no leaching occurs in flow conditions. 4214

The activity of polymer-bound pTSA was investigated and found to be superior to that of pTSA. At
a temperature of -10 °C, pTSA on polymer allowed a 73% conversion of compound 17 after 27
hours. However, like standard pTSA, we obtained a mixture of products. Although higher
temperatures increased the reaction rate, they did not favor the production of A>-THC over other
possible products (Table 3.4, Entries 1-2).

Due to the promising results with Sc(OTf)s, scandium on polymer was attempted, but only trace
amounts (<1%) of A>-THC were observed (data not reported).

We also investigated silica-propylsulfonic acid (Table 3.4, Entries 3-4), Amberlyst® 15 (Table 3.4,
Entries 5-6), and Nafion™ NR50 (data not reported), but all resulted in a mixture of products. In
particular, the latter, at room temperature still resulted in incomplete conversion (81%) even after 8

days, probably due to the relatively small surface area of the solid Nafion NR50.
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When employing Montmorillonite K10 (MK10) at room temperature the reaction proceeded with
98% conversion of 17 and high selectivity (84%) of A%-THC 18 after 5 h (Table 3.4, Entry 8).
Whereas uncomplete conversion was observed at 0 °C (Table 3.4, Entry 7).

The promising results obtained using BF3;-OEt; as reagent (Table 3.2) led us to investigate the
reaction using commercially available silica-supported boron trifluoride (Si-BF3) and synthesized
polyvinylpyrrolidone-supported boron trifluoride (PVP-BF;3). Unfortunately, the rate using Si-BF;
was substantially slower and less selective compared to its homogenous counterparts and, after 6 h
at 0 °C, 98% conversion of 17 and 65% selectivity of A>-THC were obtained (Table 3.4, Entries 6-
7). In this case, an extra peak in the GC chromatogram was observed at 12.1 min retention time,
which was then assigned to the aromatized oxidation product, cannabinol (CBN, 22). Generally, the
same trend detected when using homogeneous BF3-OEt; was observed, with the formation of more
A8-iso-THC at higher temperatures (Table 3.4, Entries 6-8). Interestingly, the reaction rate could be
significantly increased by operating at room temperature with no drop in selectivity toward A9-THC
18 (Entry 8). On the other hand, when using PVP-BF3, a high yield of A>-THC could be obtained
but only after a prolonged reaction time (156h) at room temperature (Table 3.4, Entry 9). When
conducing the reaction at 40 °C, 99% conversion of 17 and 89% selectivity of A>-THC 18 were
achieved after 6 h, which, although lower in reactivity, is similar to the selectivity achieved using

BF;-OEt,.

Table 3.4 Results for the measured responses from the supported acid screening

Entry Acid (loading)® T[°C] time conv. 17¢ sel. 187 sel. 19 sel. 20°

1 P-TSA on polymer -10 27 h 73 70 12 10
2 P-TSA on polymer rt 45 min 87 55 32 10
3 Si—p.ropylsulfonic 10 6h 25 i 4 )
acid (983 mg)
4 Si—p.ropylsulfonic 0 ih a5 68 13 .
acid (983 mg)
5 Amberlyst® 15 0 6h 69 72 12 9
6 Amberlyst® 15 rt 2h 88 55 31 9
7 Mont. K10 0 4h 89 12 - -
8 Mont. K10 rt 5h 98 84 3 8
6 Si-BF3 =10 4h 92 68 1 12
7 Si-BF3 0 6h 98 65 4 14
8 Si-BF3 rt 10 min 95 72 3 20
9 PVP-BF; (400 mg) rt 156 h >99 89 4 7
10 PVP-BF; (400 mg) 40 6h 99 84 3 13

“Determined by GC-FID peak area percent. Percent of product with respect to all peaks except the substrate.
0.2 g, unless otherwise indicated
No overteaction of AS-iso-THC (20) to form (A*)3-so-THC (21) was observed.
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Among the acids evaluated during the batch screening, we identified five as the most promising:

MK10,
PVP-BE;,
BF3'Etzo
TMSOTfE
AlCl3

VVVYVYY

Using these reagents we proceeded a flow screening, with the objective of developing a protocol that
provided high selectivity toward either A>-THC and AS-THC within a short residence time in a
reproducible and scalable manner.

Among the many advantages of continuous flow, the adoption of this technology in this reaction can
allow to maintain isothermal conditions from when the reagents are in contact with each other in the
stream to the outlet, avoiding the challenge of the careful addition of the acid that is needed in a
batch protocol. As the products “flows” trough the reaction coil or packed bed, its contact with the

reagents is minimized, thus avoiding possible over-reaction and side products formation.

3.3.3 Results and discussion: continuous flow investigation

For what concerns the solid supported acids selected (MK10 and PVP-BF3), the flow configuration
was constituted of a single syringe pump that was used for the introduction of the substrate 17 (CBD)
in CH2Cly, which then flowed through a packed bed reactor filled with the supported acid catalyst,
contained within a column cartridge (Scheme 3.13, a).

A two-feed continuous flow setup was used for the other acids and consisted of syringe pumps, one
for the introduction of 17 and a second pump for the introduction of the acid solution. Then, the
two feeds were combined within a tee-piece before entering the reactor coil (Scheme 3.13, b).

For both configurations the timing of the quench was achieved by introducing the effluent into a

vessel containing NaHCOj3 in a semibatch manner.

a) Pump 1 packed-bed
CBD (17) in CH,Cl,
heater !
NaHCOq CsHi1 CsH11

quench
AS-THC (18) AB-THC (19)

b) Pump 1 1 77777777777777777777777777777777777777777777 OH
CBD (17) in CH,CI : H H * O

reactor coil

¥
NaHCO3
thermostat quench

Scheme 3.13 Flow configurations: a)supported acids, b)two-feed flow, with possible products of the reaction

sH11

Acid in CH,Cl, CBN (22)

CsHyq CsHyy

A8-is0-THC (20) A*BLiso-THC (21)

Promising outcomes were observed when employing MK10 in a flow system. At room temperature,
a yield of 81% of A’>-THC was achieved within a short time span of 2 minutes (Table 3.5, Entry 1).
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However, when fractionating the outlet and subsequently packing the column with fresh MK10, the
system's performance vatied throughout the duration of the experiment, leading to different results
(Table 3.5, Entry 2). The same outcome resulted when performing twice the reaction and reusing
the clay, with 1.5 min as residence time (Entry 3-4).

Our findings align with previous observations made by other researchers regarding the possible
inconsistent performance of commercial MK10, that could be attributed to the availability of acid
sites, which depends on the packing of the clay material. Additionally, the water content within the

clay has the potential to influence the overall performance of the system.

Table 3.5 Flow experiments using Montmorillonite K10

Entry Acid [mg]  tis [min]  conv. 17 sel. 187 sel. 19 sel. 20¢

1 405 2 99 80 7 13
26 405 2 91 86 2 12
3 405 1.5 94 86 2 12
4c 405 1.5 99 80 8 12

Experiments were performed using 0.1 M solution of CBD (17).

% Determined by GC-FID peak area percent. Percent of product with respect to all peaks except the substrate.
YEntry 1 repeated, but using fresh clay.

JEntry 3 repeated.

A consistent reactor performance was not achieved also when performing experiments using PVP-
BFs. In this case, when the collected fractions wete analyzed by GC they showed that the conversion
of 17 and yield of A>-THC 18 displayed a linear decrease over the duration of the runs (Table 3.6,

Figure 3.9). This curious trend was confirmed by repeating the experiment (data not reported).

Table 3.6 PVP-BF; flow experiment

Entry Acid [mg] tes [min] T [°C] 17¢ 18- 19- 20

1 500 7 40 12-40 50-71.5 1.5-7  7.5-11.5
Expetiment was performed using 0.1 M solution of CBD (17).

“Determined by GC-FID peak area percent. Percent of product with respect to all peaks except the substrate.

ol
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—e—CBD [exp)

—— A9-THC [exp)
—=—AB-THC fexp)
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Concentration (M)

o 5 10 5
Time (min)

Figure 3.9 PVP-BF5, reaction profile over time
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As the supported acid catalysts did not show sufficient stability, probably due to deactivation of solid
acids which limited their synthetic applicability to the scope, we continued our investigation exploring
the use of BF3-OEt; in flow conditions, encouraged by the possibility of minimizing pathway B, thus
reducing the formation of A8-iso-THC (20) observed in batch.

However, BF3;-OEt, afforded A-THC 19 and AS-ise-THC 20 in 83% and 15% selectivity,
respectively, within 15 min of residence time at 10 °C, confirming the data previously obtained.

Further investigations could not decrease the high amounts of A8-is-THC formed.

In the case of TMSOTT, the batch results showed how a precise control over reaction time was
necessaty to maintain control over the selectivity toward A>-THC, due to the rapid overreaction to
its more stable isomer AS-THC 19 (T'able 3.2, Entries 9-10). Notwithstanding, also when decreasing
the equivalents of acid (Table 3.7, Entries 2-4), the use of more diluted solution of the substrate
CBD 17 (Entries 5-7) and even operating at lower temperatures (Entries 6-7) led to a good
selectivity of 18 with residence time within 1.5 min.

On the other hand, we did identify that a selective synthesis of A>-THC could be achieved in a 2 min
residence time (Table 3.7, Entry 1). After a short optimization (Table 3.7, Entries 8-14), we were
able to obtain the total conversion of 17, providing 91% selectivity towards 19 (87% assay NMR
yield) by operating at room temperature, using 1.2 equivalent of the acid (Table 3.7, Entry 14).

Table 3.7 TMSOTT investigation in flow conditions

CBD (17)  Acid tres

Entry T [°C] . conv.17¢  sel. 18«  sel. 19¢  sel. 20« sel. 21«
[M] eq. [min]
1 0.2 1.2 —-10 2 95 3 94 1 -
2 0.2 0.6 —-10 1 93 74 18 5 -
3 0.1 0.1 —-10 1 31 90 6 -
4 0.1 0.5 -10 1 90 84 6 -
5 0.05 0.5 —-10 1 >99 81 14 5 -
6 0.05 0.5 -20 1 88 88 5 -
7 0.05 0.5 -20 1.5 97 86 5 -
8 0.2 12 0 4 97 19 75 4 -
9 0.2 1.2 0 8 >99 3 89 2 6
10 0.2 1.2 25 2 >99 2 91 1 5
1 0.2 12 25 4 >99 2 89 1 6
12 0.2 1.5 25 2 >99 2 89 0 6
13 0.2 2 30 2 >99 2 88 1 6
14 0.2 1.2 25 2 >99 2 91 1 5

% Determined by GC-FID peak area percent. Percent of product with respect to all peaks except the substrate.

The last acid that needed to be tested, after our preliminary batch screening, was AlCl;. However, we
knew that we would need to optimize the equivalents (i.e. 1.2) to avoid solubility issues in flow.
In fact, AlCl3 was not completely soluble in our reaction conditions, and frequent clogging caused

pump blockage when performing the first experiments in flow.
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Thus, we performed a further batch optimization (Table 3.8). Several parameters, such as reaction
time, temperature, the use of alternative solvents (Table 3.8, Entries 3-4), and equivalents of the
acid, were investigated. In particular, we were able to efficiently combine a reduction of the
equivalents to a higher reaction temperature (Table 3.8, Entries 5-8), that could also positively
enhance the solubility of the acid. Good performance was achieved using 0.2 equiv of AlCI;3 at room
temperature, with a 98% conversion of CBD 17 and 92% selectivity toward A°-THC 18 (Table 3.8,
Entry 8, Figure 3.10).

Table 3.8 AICI3 further batch optimization

Entry  acid eq. solvent T[°C] time [min] conv. 17 sel. 187 sel. 19¢  sel. 207
1 1.2 CH:CL =10 15 >99 88 3 3
2 1.2 CH:CL =10 10 >99 86 8 3
3 1.2 PhMe -10 20 >99 78 5 8
4 1.2 PhMe/Et.O =10 60 >99 81 4 14
5 0.5 CH:CL 0 15 >99 89 4 4
6 0.1 CH:CL 0 120 93 95 2 3
7 0.1 CH:CL rt 30 90 92 3 4
8 0.2 CH:ClL rt 25 98 92 4 4

General conditions: All experiments were performed using 0.5 mmol of 17 in 5 mL of solvent.
) Determined by GC-FID peak area percent. Percent of product with respect to all peaks except the substrate.
“... No overreaction of As-iso-THC (20) to form (A%)8-iso-THC (21) was observed.
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Figure 3.10 AICI; reaction profile of the reaction reported in Table 3.7, Entry 8

Finally, we were able to perform an optimization using promising AlCl3 in flow conditions (Table
3.9). To this aim, a peristaltic pump was used for the AlCl; feed, as it can handle suspensions, thus
avoiding possible clogging of the tubings.

In the first trials (Table 3.9, Entries 1-3) incomplete conversion of CBD was obsetved, but an
intermediate residence time of 18 min and a progressive increase of the temperature to 37 °C (both
feeds of the substrate and acids were warmed at the same temperature of the coil) leaded to 99%
conversion of 17 with a 92% selectivity towards our title target A>-THC 18, as showed in Entry 7 of
Table 3.9.
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Table 3.9 AICL; flow opitimization

Entry T [°C] tres [mMin] conv. 17 sel. 18 sel. 19 sel. 20 ¢
1 20 16.66 90 93 2 4
2 25 16.66 95 92 3 5
3 25 20 87 93 2 5
4 25 18 97 91 3 6
5 30 18 99 90 3 7
6 35 18 97 92 3 5
7 37 18 99 92 4 4

General conditions: All experiments were performed using 0.2 M feed solution of CBD (17) and 0.04 M feed
solution of AICls.
“Determined by GC-FID peak atea petrcent. Percent of product with respect to all peaks except the substrate.

3.3.4 Results and discussion: long runs for A>~-THC and A*-THC

Finally, the robustness of out protocols were demonstrated by a long run experiments for both A%-

THC and A8-THC using AlCl; and TMSO'TT, respectively.

For what concerns A’-THC, the experiment was conducted applying conditions reported in Table
3.9, Entry 7, and the reaction was performed over a total operation time of 6 hours, corresponding
to a 13.3 mmol scale. The system operated consistently for the duration of the run. A >99%
conversion of 17 and 92% selectivity of A>-THC 18 (90% assay NMR yield) were observed for the
combined fractions with no relevant fluctuation (Table 3.10, Figure 3.11).

Finally, after filtration and removal of the solvent, 18 was obtained in 97% isolated yield, that

corresponds to a throughput of 1.02 g/h.

Table 3.10 Measured responses for the A>-THC (18) long run, determined by GC-FID peak area percent

Vial Fractionated time interval [min] 177 187 19° 20°
1 18-28 1.2 91.6 2.4 4.7
2 28-38 1.2 91.8 2.1 49
3 38-48 1.1 91.7 2.1 5.0
4 48-78 0.9 91.9 2.0 5.0
5 78-108 1.0 91.9 2.1 5.0
6 108-138 1.0 92.0 1.9 5.1
7 138-168 1.0 91.5 2.0 5.1
8 168-198 0.8 91.6 1.9 5.1
9 198-228 0.9 91.6 2.0 5.0
10 228-258 0.7 91.9 2.0 4.9
11 258-268 0.7 91.9 2.0 4.9

Average 1.0 91.8 2.1 5.0
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Figure 3.11 Concentration of the different components over the duration of the A>-THC (18) long run
We also performed a 4.77 mmol scale experiment for the preparation of A-THC, conducted for a
run time of 24 min. Again, the system performed in a stable manner, as showed in Table 3.11 and in

Figure 3.12, with the complete conversion of CBD and overall 90.5% selectivity of A-THC 19.

The product was isolated in 98% yield after filtration and removal of the solvent.

Table 3.11 Preparative-scale Experiment to Prepare AS-THC

Vial Fractionated time interval [min] 177 18 19° 207 21°
1 2-3 - 2.1 90.8 - 43
2 3-4 - 2.2 89.8 - 4.7
3 4-5 - 2.2 90.2 - 4.7
4 5-7 - 1.9 90.7 - 4.4
5 7-9 - 2.0 90.2 - 4.5
6 9-11 - 2 90.1 - 4.5
7 11-13 - 2.1 90.5 - 4.5
8 13-15 - 1.9 90.9 - 4.4
9 15-17 - 1.9 90.8 4.5
10 17-19 - 1.9 91 - 4.4
1 19-21 - 2.0 90.2 - 4.6
12 21-22 - 2.2 90.0 - 4.3
13 22-23 - 1.9 90.9 - 4.1
14 23-24 - 2.1 91.2 0.3 4.3

Average - 2.0 90.5 0.0 4.5
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Figure 3.12 Concentration of the different components over time for the preparation of ASTHC

Continuous flow protocols enabled the efficient selective synthesis of A>-THC and AS-THC from
CBD in high product yields, overcoming complex mixtures of products, that are challenging to
purify, usually obtained with traditional synthetic methods. Flow techniques, allowing the precise
control of reaction parameters, with significantly enhancement in product selectivity and reaction

performance, could be applied for the synthesis of other THC analogues.
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3.3.5 Experimental section

General batch procedure

Substrate 17 (0.157 g, 0.500 mmol) was dissolved in anhydrous dichloromethane (5 mL, 0.1 M). The
reaction was maintained at the desired temperature and the solution was stirred (minimum 500 rpm)
using a magnetic stirrer. Then the acid (1.2 eq) was added and the reaction was profiled over time.
Aliquots were taken from the reaction and added to a saturated solution of NaHCO3 to quench the
reaction. Then an aliquot was taken for analysis: 25 ul. reaction mixture was diluted in 985 pL

dichloromethane and analyzed by GC analysis.

General Flow Configurations (Figure 3.13)
For pumping feed solutions, syringe pumps (Syrris Asia) equipped with syringes appropriate for the
desired flow rate were used. All of the pumps were used with check valves (Upchurch, CV-3321) and
internal pressure sensors. The pressure limit of the pumps was set to 20 bar. Above this pressure and
the pumps would turn-off automatically for safety reasons. The syringe pumps were calibrated by
pumping for a specified time and checking the mass balance. All pumps were found to dose within
+ 2%. Standard PFA tubing (0.8 mm or 1.6 mm i.d.), PTFE or PEEK fittings and T-pieces were
used in the flow setups. The reactor coil was cut to length depending on the desired volume required.
The reactor coil was kept at the desired temperature (=20 to 40 °C) by placing it inside the heating
fluid which was maintained at a constant temperature using a thermostat (Huber Ministat 230).

e  Montmorillonite K10 / PVP-BF;
Montmorillonite K10 or PVP-BF; was packed into a column (Omnifit) and then placed on the heater
module (Syrris Asia) to perform the reaction at the desired temperature.

e AICI;
For pumping light suspensions, i.e., in the case of AlCl;3, a peristaltic pump (Vapourtec SF-10) was

used. Above this pressure and the pump would turn-off automatically for safety reasons.

Long run for A>-THC
We performed a long run for the preparation of A>-THC (18) using the optimized conditions shown

in Table 3.9, Entry 7, to assess the robustness of our protocol.

Before/after experiment: Before running the reactions, the system was flushed with technical grade
dichloromethane for 10 min. After the experiments, the setup was rinsed with dichloromethane and
then the system was stored under isopropanol.

Feed preparation: Feed solutions were prepared in volumetric flasks. Swbstrate feed preparation:
Cannabidiol (17) (6.28 g, 20.0 mmol) was dissolved in anhydrous dichloromethane (100 mL, 0.2 M).
Acid feed preparation: Aluminium trichloride (AICl3) (1.06 g, 8 mmol) was dissolved in anhydrous
dichloromethane (200 mL, 0.04 M).

Flow reaction protocol: The system was operated for a total of 268 min (from start-up to collecting
the final fraction), which corresponded to the processing 4.20 g (13.3 mmol) of CBD (17). The feed
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solution of AlCI3 (0.04 M) in CH>Cl, was introduced using a peristaltic pump (Vapourtec SF-10).
The AICI; feed solution was stirred at 37 °C for the duration of the experimental run. CBD (0.2 M)
in CH»Cl, was introduced using a syringe pump (Syrris Asia). The substrate solution was pumped at
a flow rate of 0.278 mL/min and the AICl; solution was pumped at a flow rate of 0.278 mL/min,
giving a residence time of 18 min. A simple T-piece was used to mix the two feeds prior to the
reactor. The reactor coil (10 mL internal volume) was submerged in the thermostat heating solution
(EtOH) to control the temperature, which was set at 37 °C. The outlet stream was fractionated into
stirred vials containing NaHCO3 in CH2Clz. Sample collection was started once color was observed
at the end of the reactor (after 18 min). The reaction outlet was collected in 10 mL vials containing
a quench NaHCOj; in CH>Clp) and a stirring bar, the first 30 min (1 vial every 10 min), then in 20
mL vials for the central 3.5 h (1 vial every 30 min), and again in a 10 mL vial for the last ten minutes.
Eleven fractions were collected and analyzed on the GC-FID (Table $10). 1,2-dichloro-4-
nitrobenzene was used as internal standard to measure the NMR assay yield, which was determined
to be 90% (value based on the average of three separate NMR samples). The collected fractionated
vials were combined, filtered and then solvent was removed under reduced pressure (the rotary

evaporator bath was maintained at 35 °C) to obtain 18 (4.07 g, 12.9 mmol, 97% yield) as a yellow oil.

(-)-trans-A°-Tetrahydrocannabinol (A*-THC, 18)

Yellow oil. 'TH NMR (300 MHz, CDCls) & 6.33 (s, 1H), 6.30 (d, / = 1.2 Hz, 1H), 6.16 (d, ] = 1.3 Hz,
1H), 4.81 (s, 1H), 3.26-3.19 (m, 1H), 2.46 (dt, ] = 7.4, 2.2 Hz, 2H), 2.23-2.16 (m, 2H), 1.97-1.89 (m,
1H), 1.74-1.65 (m, 4H), 1.58 (m, 2H), 1.47-1.40 (m, 4H), 1.37-1.27 (m, 4H), 1.12 (s, 3H), 0.90 (t, ] =
6.9 Hz, 3H). BC{'H} NMR (75 MHz, CDCls): & 154.7, 154.2, 142.8, 134.4, 123.7, 110.1, 109.1,
107.5, 45.8, 35.5, 33.6, 31.5, 31.2, 30.6, 27.6, 25.0, 23.4, 22.5, 19.3, 14.0. GC-MS analysis: m/z 314
confirmed

‘ Peristaltic
pump for
]

AICI, feed

Reactor coil submerged in
thermofluid inside of thermostat

for CBD feed

Figure 3.13 Labelled image of continuous-flow setup for the preparation of A>-THC

Preparative-scale experiment for AS-THC
We performed an experiment for the preparation of AS-THC (19) using the optimized conditions

shown in Table 3.7, Entry 14, to assess the robustness of our protocol.
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Before/after experiment: Before running the reactions, the system was flushed with technical grade
dichloromethane for 10 min. After the experiments, the setup was rinsed with dichloromethane and
then the system was stored under isopropanol.

Feed preparation: Feed solutions were prepared in volumetric flasks. Swbstrate feed preparation:
Cannabidiol (17) (1.51 g, 4.80 mmol) was dissolved in anhydrous dichloromethane (24 mL, 0.2 M).
Reagent feed preparation: Trimethylsilyl trifluoromethanesulfonate (TMSOTY) (1.28 g, 1.05 mL, 5.76
mmol) was dissolved in anhydrous dichloromethane (24 mL, 0.24 M).

Flow reaction protocol: The system was operated for a total of 24 min (from start-up to collecting
the final fraction). The two feed solutions were introduced at the same flow rate using syringe pumps
(Sytris Asia). The combined flow rate was 2.25 mL/min. A simple T-piece was used to mix the two
feeds prior to the reactor. The reactor coil (4.5 mL internal volume) was submerged in the thermostat
heating solution (EtOH) to control the temperature, which was set at 25°C. The reaction outlet was
collected in 10 mL vials containing a quench (NaHCOj; in CH2Cly) and a stirring bar, for the first 3
min (1 vial every 1 min), then in 10 mL vials for the central 16 min (1 vial every 2 min), and again in
a 4 mL vial for the last three min. Fourteen fractions were collected and analyzed on the GC-FID.
1,2-dichloro-4-nitrobenzene was used as internal standard to measure the NMR assay yield, which
was determined to be 87% (value based on the average of three separate NMR samples). The
collected fractionated vials were combined, filtered and then solvent was removed under reduced
pressure (the rotary evaporator bath was maintained at 35 °C) to obtain 19 (1.48 g, 4.71 mmol, 98%
yield) as a red oil.

(-)-trans-A8-Tetrahydrocannabinol (AS-THC, 19)

Red oil. 'TH NMR (300 MHz, CDCl3) 8 6.30 (s, 1H), 6.13 (brs, 1H), 5.45 (m, 1H), 3.22 (dd, ] = 15.7,
3.1 Hz, 1H), 2.72 (td, ] = 10.8, 4.7 Hz, 1H), 2.46 (td, ] = 7.5, 3.3 Hz, 2H), 2.20-2.13 (m, 1H), 1.91-
1.79 (m, 2H), 1.73 (s, 3H), 1.62-1.55 (m, 2H), 1.41 (s, 3H), 1.38-1.29 (m, 5H), 1.14 (s, 3H), 0.91 (t, ]
= 0.9 Hz, 3H). 1,2-dichloro-4-nitrobenzene was used as internal standard to assess the purity of the
yellow oil which was measured to be 87% (value based on the average of three separate NMR
samples). BC{IH} NMR (75 MHz, CDCl3): 3 154.9, 154.7, 142.7, 134.7, 119.3, 110.5, 110.2, 107.6,
77.6, 44.9, 36.0, 35.5, 31.6, 30.6, 27.9, 27.6, 23.5, 22.5, 18.5, 14.0. GC-MS analysis: m/z 314
confirmed.

Kinetic fitting

The fitting of the rate constants for the rate limiting steps was performed using a software package

called Compunetics (v3.1.1) (https://compunetics.net/). The software automatically adjusted the

rate constant values based to improve the model fit to the experimental data. The sum of squared
error (SSE) difference between the ordinary differential equation (ODE) curves and the experimental
data were minimized to atrive at the final estimated rate constant values. The errors on fitted rate
constant values are absolute errors, whereby this is the maximum possible error in the ODE based
on fittings of each permutation of the +2.5% relative error specified concentration for each of the
species fitted. Moreover, the maximum variance was determined from the original fitting, and
reported as the absolute error in the parameter fit. If a rate constant displayed no sensitivity to the
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fit then it was removed. The model structure which was fitted to the reaction profiles is shown in
Scheme S2. The four rate limiting steps were simultaneously fitted for the reaction profile. The
reactions were fitted as first order. In the case of the batch reaction with MK10 and Si-BF; an
additional rate-limiting step, ks, A>-THC (19) to CBN (22) was also fitted.

ko
k1/, AS-THC (2) —— ASTHC (3)

CBD (1)
kg
ks — A%BLiso-THC (5)

NMR Spectra of the described compounds and additional information can be found at:
https://doi.org/10.1021 /acs.joc.3c00300
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