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Abstract

Abstract

In the last decades, the awareness of the importance of organic chemistry has been growing
amongst researchers working in the most diverse fields of science. Indeed, much of the current welfare
of advanced societies is due to recent huge leaps in the comprehension of the behaviour of matter. In
particular, material and life sciences have been undergoing an impressive development, and their
academic results keep on having a steady growing impact on our daily routine, albeit most people are not
aware of the prompt repercussions of academic research on their own lives. Carbon plays a pivotal role
in material and life sciences, hence nowadays both skills and knowledge of organic chemists are
fundamental. However, the interpretation of experimental data is often non-trivial, and a theoretical
analysis — able to summarize, predict and understand the plethora of experimental data — is important.
Hence, computational studies are highly recommended to guide it, since they can (1) anticipate otherwise
unpredictable results, (ii) indicate new directions for further investigation, and (iii) readjust

misconceptions and false perceptions.

The three main aims of this thesis are:

1. the exploitation of interdisciplinary approaches involving organic chemistry and state-of-the-art
computational methods to gain deeper insights into the studied molecular systems, with special
attention to molecular structures;

ii.  the assessment of the importance of organic chemistry in two apparently unrelated fields, namely
astrochemistry and biochemistry;

ii.  the evaluation of the effects of non-covalent interactions on molecular geometry, whose detailed
study is important for both astrochemical and biochemical purposes, but also in the field of
catalysis.

The presentation of the previous goals will be as unitary as possible, since such aims are intimately

interconnected with each othetr.

Finally, some interesting results concerning photocatalysis — a rapidly growing research field of organic
chemistry — will be discussed. In the next years, this field is expected to gain unprecedented development
with the fruitful interplay between experimental and theoretical chemistry. In particular, the composition
of the reaction mixture is known to play a pivotal role in the outcome of the process, due to the reciprocal
interactions at the molecular level between the reaction partners. Furthermore, such interactions are also

strongly affected by the nature of the solvent.

More specifically, three main projects will be discussed.

Project 1: Phenylmethanimine



Abstract

The successful endeavour enabling the generation and characterization of an elusive aromatic imine, i.e.
phenylmethanimine (PMI), will be described. PMI was chosen because it is expected to be an

astrochemically relevant species.

Project 2: Fluorothreonine

A full account concerning synthesis and characterization of the only fluoro amino acid of natural origin
discovered so far, namely 4-fluorothreonine, will be reported. Fluorothreonine was chosen as a test case
for the evaluation of the effects of fluorination on molecular properties. Indeed, fluorothreonine is
expected to feature interesting conformational behaviours due to peculiar non-covalent interactions

involving fluorine.

Project 3: Bismuth-mediated photocatalysis
A bismuth-mediated photocatalytic reaction in aqueous conditions will be described. Bismuth was chosen
as a heavy member of the pnictogens, which are known to be involved in interesting non-covalent

interactions.

VI



General introduction

1. General introduction

In the last decades, huge efforts — experimental and theoretical — have been made to disclose the
close connections existing between the molecular structure and the physico-chemical properties of a
molecule.! In the field of medicinal and pharmaceutical chemistry, this correspondence is commonly
referred as structure-activity relationship (SAR).” In particular, non-covalent interactions often play a
pivotal role in the stabilization of the most representing structures of a molecular species.” The
importance of such interactions was found to be ubiquitous, and the knowledge on the existing relations
between chemical composition and noncovalent-related properties is increasing at a rapid pace. Hence,
more and more refined ways to control such properties have been recently developed.”® Non-covalent
interactions are able to influence molecular properties in all states of matter. In the gas phase, they

determine the atomic arrangements of non-covalent complexes,”

such as organic molecules with
coordinated water molecules.'>"” Furthermore, they usually determine the conformational behaviour of
flexible molecules." The role of non-covalent interactions becomes even more crucial for molecular

systems in the condensed phase,"” affecting a wide range of properties, from reactivity'®

to biological
activity,' being involved even in the field of catalysis.'™"” The aforementioned considerations suggest that
a molecular species is expected to show different geometrical properties, depending on whether it is in

the gas phase or not.

Rotational spectroscopy is the best technique to study the structure of a molecular system in the gas
phase.” As a matter of fact, a charge distribution featuring non-superimposed positive and negative
charge centres, i.e. with a non-null permanent dipole moment, exhibits the possibility of interaction with
electromagnetic radiation in the microwave range. A class of spectrometers in the field of rotational
spectroscopy is based on the concept of rotational electric resonance (RER), in analogy with the concept
of nuclear magnetic resonance (NMR). The two techniques differ in terms of the frequency range of the
electromagnetic radiation (micro- and radio waves, respectively) and the type of transition (involving
rotational and nuclear spin states, respectively). The Fourier-Transform Microwave (FTMW)
spectrometers, working in the centimetre-wave region, exploit the RER: the gas sample is macroscopically
polarized using a resonant pulse radiation, then after the pulse, relaxation occurs and the decay of this
polarization with time (Free Induced Decay, FID) is recorded; finally, the FT is applied to the FID and

the rotational spectrum in the frequency domain is obtained.

The interaction between microwave radiation and a polar molecule depends on both the dipole moment
and the mass distribution of the molecule. While the former only affects the transition intensities, the

mass distribution comes into play in the determination of the rotational energy, which is — according to
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quantum mechanics — quantized. Conformers and even isotopologues — molecules of the same species,
i.e. same molecular formula and bonding arrangement of atoms, but with either different conformation
or isotopic composition, respectively — are characterized by different rotational spectra. While
conformers feature both different dipole moments and mass distributions, isotopologues show almost
negligible differences in terms of the dipole moment, but differ in terms of the mass distribution (Figure

1.1).

Figure 1.1: Selected examples of conformational and isotopomeric pairs. The left panel shows two conformers of carbonothionic O,0-acid,
having different dipole moments (computed values: 0.50 D vs. 4.80 D, pointing in the same direction; see Ref. 21) and mass distributions.
The right panel shows two isotopomers of SiO, having almost the same dipole moment (about 3.09 D; see Ref. 22) but different mass
distributions (180 is heavier than 160; see Ref. 23).

Two of the main applications of rotational spectroscopy are:

1. Structural “determination” of a known molecule — either used as such**** or generated in situ® —
in the gas phase. Quotation marks refer to the fact that most molecules are present as a collection
of different geometrical species, e.g. conformers (vide supra).

2. Identification of the rotational “fingerprints” of a molecular species.””*

Both applications require preliminary quantum-chemical calculations to guide the spectroscopic analysis
and its interpretation.””” Typically, high-level quantum-chemical computations can be used to describe
small- to medium-sized molecular systems (often no more than 15 atoms); for larger species, hybrid
quantum mechanics/molecular mechanics (QM/MM) approaches and/or Monte Catlo methods can
provide a satisfactory preliminary picture.” While the first application mainly concerns the investigation
of molecular physics, the second one plays a pivotal role in the field of astrochemistry. Indeed, it paves
the way toward the exploration of chemical composition and evolution of the interstellar medium (ISM)
by means of radioastronomy. An astronomic source usually emits a plethora of rotational transitions
belonging to many different species, thus resulting in very crowded spectra. Hence, the identification of
unequivocal line patterns (rotational “fingerprints”) is often non-trivial. Once the microwave radiation
emitted by the chosen astronomic source has been collected with radiotelescopes and analysed, if enough
observed transitions are compatible with the rotational spectrum of a known molecule, the latter is
present within the studied astronomic source.”’™ To date, only 25 molecular species with ten or more
atoms have been detected in the ISM.* In particular, the latter can harbour very exotic molecular species,
whose laboratory production and characterization can be very challenging.” Indeed, even very unstable
molecules can survive long in the interstellar medium (ISM), since the latter typically features very low
particle densities and temperatures. Therefore, degradation pathways with non-zero reaction order often

have negligible importance. Furthermore, even decomposition mechanisms characterized by very low
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activation energies are hampered when occurring within very cold (i.e. less than 10 K) environments.”

The interplay between experimental and computational approaches is particularly pivotal when dealing
with exotic molecular species. On the one hand, nowadays, even very challenging conditions can be
reproduced in an attempt to generate very reactive and/or unstable species just before the spectroscopic
acquisition,” and organic chemistry can be very helpful for the proper choice of starting materials,
reaction conditions and experimental setup.”” On the other hand, ab initio quantum chemistry methods
are fundamental for a theoretical characterization of the exotic species whose production could not be
achieved by means of any available state-of-the-art experimental protocols.”’ In this respect, the ISM can
be consider by far the best “laboratory” for the formation of very elusive molecular species.* However,
very few cases of detection of ISM molecular species based only on ab initio calculations have been
reported in literature so far.** Indeed, the detection is considered as confirmed only when experimental

data become available and a sufficient number of rotational transitions can be identified within the

observed spectrum when compared to the experimental one.

The fruitful combination of organic synthesis and molecular spectroscopy — supported and guided by
computational chemistry — for astrochemical purposes and as a multidisciplinary approach to elucidate
molecular structures will be discussed in Chapter 2. In particular, the issues concerning the generation
and spectroscopic characterization of imine-type species will be presented. Furthermore, the theoretical
background of rotational spectroscopy will be introduced. The case of production and rotational
spectroscopy of phenylmethanimine (PMI) will be analysed in Section 2.3. In particular, the experimental

endeavour will be described in detail.

Despite the strengths of rotational spectroscopy, some important drawbacks must be pointed out:
1. Rotational spectra can be recorded only in the gas phase.
2. The study of large molecular species is very challenging, due to two main issues: (i) they are
difficult to be brought in the gas phase by means of mild (i.e. preventing decomposition as much

as possible) “gasification” techniques'**

and (i) their moments of inertia are so large that their
rotational transitions are often compressed in a narrow spectral range. The spectroscopic
acquisition usually generates “crowded” rotational spectra, whose interpretation is becoming
more and more feasible thanks to recent instrumental improvements in conjunction with high
resolution approaches.*™

Since purely rotational spectroscopy involves the study of isolated molecular systems, it goes without
saying that bulk solute-solvent interactions cannot be properly studied using this technique. However, a

preliminary picture of such interactions can be obtained if non-covalent complexes are investigated in

the gas phase. Several examples have been reported, systematically highlighting the importance of non-
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covalent interactions.>'*!" Indeed, intermolecular interactions in non-covalent complexes (such as those

12135052 o0 he

occurring between an organic molecule and a water molecule in the first shell of solvation)
accurately described by means of microwave spectroscopy. These types of interactions can be also
established at an intramolecular level. If the molecule can be brought in the gas phase, then its
conformational behaviour and the effects of intramolecular non-covalent interactions can be investigated
with microwave spectroscopy.”>’

Although preliminary studies in the gas phase are crucial to assess molecular structures, the most
interesting behaviours of biologically relevant species are those observed in the condensed phase,
especially in aqueous environments.” ' Indeed, all terrestrial biochemical processes occur in the presence
of water. Hence, other spectroscopic techniques are required to elucidate molecular geometries in
aqueous media.” The intra- and intermolecular interactions in aqueous media can get even trickier when
chiral species are involved. However, such an increase of complexity is precious to get further insights
on the conformational behaviour.”>** In particular, chiroptical spectroscopies — together with state-of-

the-art computational methodologies guiding the interpretation of experimental spectroscopic data® ™ —

can be used to assess molecular structures with unprecedented levels of detail.”""

The spectroscopic characterization of water-soluble organic species is a challenging task. The decoration
of such species with peculiar atoms (e.g. fluorine) can represent a further complication for the
interpretation of experimental data. Indeed, in the specific case of fluorine, it strongly modifies the
stereoelectronic effects, thus strongly altering molecular conformational behaviours in unexpected
ways.”” Furthermore, still considering fluorine, its insertion into an organic scaffold is rated among the
most demanding synthetic strategies. The importance of fluorinated species, together with the
experimental challenges related to their synthesis, will be propetly discussed in Chapter 3. Furthermore,
the case of 4-fluorothreonine, with particular reference to its synthesis and characterization, will be

analysed in detail in Section 3.3.

As far as condensed phases are concerned, aqueous conditions represent the standard for the study of
biochemical processes. Until the end of the 20* century, the use of water instead of hazardous organic
solvents was considered a challenging target in the field of green and sustainable organic synthetic

7678 Organic

methodologies, with particular reference to medicinal and pharmaceutical applications.
synthetic methodologies generally require organic solvents to avoid heterogeneous mixtures and to
facilitate chemical reactions, and, in the case of stereoselectivity issues, the organic solvent is accurately
chosen to guarantee the desired outcome.” Moreover, many catalysts or reaction partners are

incompatible/immiscible with water. Nevertheless, water was the preferred solvent in many named

reactions developed in the 19" century.”’ However, with the rapid development of organometallic

10
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chemistry, the sensitivity to hydrolysis of the first organometallic reagents led to the replacement of water
with volatile organic solvents. Then, in 1980, an accurate study of Diels-Alder reactions reassessed the
use of water as a solvent for organic transformations,” and by the end of the 1990s water was back on
stage due to the definition of “green chemistry” proposed by Anastas and Warner.*” Since then, an
outstanding number of water-compatible organic synthetic methodologies were developed. Such
approaches do not only avoid the most common water-related drawbacks, but do rather benefit from the
presence of water, due to particular mechanisms occurring in the optimized reactions conditions.” ** The
complete elucidation of the role of water in such protocols often requires accurate computational studies
to guide the interpretation of experimental data. For instance, albeit water is not the best suited solvent
to guarantee complete dissolution of slightly polar organic reaction partners, whenever the transition
state (.e. unstable intermediate between reactants and products) is more polarized than the reactants,

water may have more stabilizing effects than organic solvents, thus reducing the activation energy (i.e.

86

the energy required for the reaction to occur) and making the reaction faster.” Several theoretical

investigations revealed that water molecules may be involved in the transition states of many organic

87-90

reactions when performed in aqueous media, and particular attention was devoted to the

“reorientation” ability of water, which is particularly relevant nearby the reaction partners.”’ The role of

92,93

water was investigated in transition-metal catalysed reactions,”” in organocatalytic processes,”* and also

in the case of organic reactions performed in water-oil emulsions.” The interplay between theory and

experiment in the field of synthetic methodologies is expected to boost the development of different

transformations, and to expand their scope, by means of shrewd tuning of the reaction conditions.”*”’

In particular, metallaphotoredox catalysis — combining photoredox and metal catalysis — is a rapidly

growing synthetic methodology,”” but “waterproof” protocols still represent an underexplored

0,101

area." Indeed, metallaphotoredox catalysis relies on the formation of transient nucleophilic

organometallic species, most of which undergo rapid hydrolysis in the presence of water."”'" The
description of metallaphotoredox catalysis will be given in Chapter 4. In particular, an environmentally

benign bismuth-mediated photoredox protocol will be described in detail in Section 4.3.
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Exotic molecular species

2.Exotic molecular species

2.1. Introduction

2.1.1. Astrochemistry and molecular spectroscopy

Astrochemistry is the research field devoted to the study of chemical composition and evolution
of ordinary matter in space. In the first half of the 20™ century, astrophysicists considered the ISM as too
hostile to bear any chemical complexity. During this time, however, they understood that “no absolute
vacuum can exist within the galaxy”.! When radio astronomy took hold in the late 1960s and beginning
of the 1970s, the idea of a “chemically hostile” ISM was questioned with the discovery of the first
interstellar polyatomic molecules. Over the decades, the chemical complexity has become more and more
evident, with lots of molecular species being detected every year.” In the meantime, astronomers began
questioning about the presence of condensed matter. Its presence was inferred in 1930, but it was mainly
considered as an annoying interstellar “fog” hampering accurate astronomical measurements.* During
the following years, however, an increasing interest was devoted to the physico-chemical properties of
what was denoted as cosmic (or interstellar) dust. In particular, the gas condensation scenario —
speculating on the formation of water-, ammonia-, and methane-based ices starting from the ISM diffuse
gaseous matter — was introduced in the mid 1940s,>* and it represented the base for the so-called “dirty
ice” model. The popularity of the latter kept growing until the birth of radioastronomy,” but the model
was inconsistent with some astronomical observations, and the “silicide condensation core” model (i.e.
silicate particles as dust grains for the icy mantle to grow on)® was hence proposed. With the detection
of silicates in the late 1960s,™'"” together with the first positive evidence for the presence of an organic
dust component (in 1980)," mixed models were proposed.”” In particular, the so-called “cyclic
evolutionary model”, also involving organics, was developed in the late 1990s."” According to this model,
interstellar ices evolve chemically and physically in the ISM, and so do the organics (trapped in the icy

matrix), in a complex evolutionary picture, involving also the surrounding diffuse gas phase.

For both the gas phase and dust grains, physics and chemistry are intimately interconnected and
interdependent: whenever a region of the universe undergoes some physical changes, the latter often
enable new chemistry, which in turn can deeply affect further physical evolution." Current state-of-the-
art radio telescopes — featuring high sensitivity and resolution, both spectral and spatial — allow a better
understanding of interstellar physics, which can be probed by means of rotational line emission, thus
enabling the determination of particle density, temperatures, and dynamics of the observed astronomical
region.” In particular, radio astronomy techniques are responsible for most of new molecule detections

(more than 90%). This evident preponderance can be understood by briefly reviewing their characteristics
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and their limitations. The main parameter to be considered is the energy required — compared to the
available energy in the studied astrophysical environment — to populate molecular energy levels, thus
enabling a familiar partition of the electromagnetic spectrum for molecular spectroscopy purposes: radio-

and microwaves, infrared radiation, and UV-visible radiation.

The first range spans from centimetre to sub-millimetre wavelengths. The main spectroscopic features
observed in such region are those due to the rotational motion of molecules, whose energetics can be
understood by considering the simple case of a linear molecule. The energy of the rotational level | (this

being the quantum number representing the quantisation of rotational energy) is given by:
E;=BJJ+1) (2.1)

where B is the rotational constant of the molecule, which is inversely proportional to the molecular

moment of inertia, denoted as I:

h2

- 8m?l

(2.2)

In turn, I depends on the mass distribution of the molecule. In the approximation of atoms as point
masses, once the molecular rotation axis R is identified, the moment of inertia of a linear molecule with

N atoms can be defined with respect to this axis as follows:

N
Ig = z m; - r (2.3)
i=1

where m; is the mass of the i-th atom, and rir its distance from the rotation axis R.

Therefore, small molecules have large values of B,'® while large species are characterised by small B
values."” According to Equation 2.1 and to the selection rule for rotational spectroscopy (A] = *1, with
+ sign referring to absorption and — to emission), the observed frequencies of rotational transitions

correspond to the difference between energy levels:

Therefore, according to the discussion above, small molecules (large B values and hence widely spaced
energy levels) have rotational transitions lying at high frequencies. Larger molecules (small B and thus
closely spaced energy levels), on the contrary, have rotational transitions at lower frequencies.

In general, the size range of typical interstellar molecules is compatible with rotational transitions falling

between ~500 MHz and ~1 THz, thus making radio telescopes by far the most used facilities for the
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observation of pure rotational transitions. The energies involved in these transitions determine how and
where they can be observed. The equivalent thermal energy of most rotational levels of interstellar species
is typically well below 1000 K. This kind of energy is available in sufficiently dense environment, in which
the population distribution is ruled by the collisions between gas particles, and it depends on the kinetic
temperature of the medium. Such condition is referred to as local thermodynamic equilibrium. In
particular, hot cores and similarly warm regions with sufficient thermal energy (T = 100—500 K), feature
a high population distribution: their emitted radiation (due to rotational transitions) is well distinguishable
from the background radiation field, and it can be easily detected and analysed.”” However, even very
cold regions (T = 5—10 K) are still characterised by sufficient energy to populate the lowest few rotational
energy levels, thus enabling the observation of rotational emission.” When even colder regions are
studied, there is no more detectable emitted radiation compared to the background radiation field.
Nevertheless, molecules can still be detected in absorption if they are located along the sight-line of a
suitable background continuum source.” All these examples are meant to give a clear picture of the major
strength of radio astronomy: it enables the detection of molecules in most of astronomical sources, either
in emission (due to the low energy required to populate rotational levels) or in absorption against a
background continuum source.

However, some important drawbacks must be pointed out. Completely symmetric molecules (i.e. with
null permanent electric dipole moment) cannot be detected, and even the highly symmetric ones are very
hard to detect. Furthermore, the more the molecular degrees of freedom (i.e. higher molecular size and
complexity), the more the number of accessible energy levels. Hence, population partitioning among
these levels results in a tremendous drop in the number of molecules emitting/absorbing at a given

frequency. Finally, radio astronomy is completely blind to the molecules trapped in the condensed phase.

The second spectral region is the infrared one. The energy differences between vibrational states are
much higher than those involved in pure rotational transitions. Hence, vibrational levels can be populated
in presence of radiative pumping mechanisms or at sufficiently high temperatures. Such conditions are
not so common from the astrochemical point of view, thus reducing the possibility of observing
vibrational transitions in emission. A noteworthy example is represented by polycyclic aromatic
hydrocarbons (namely PAHs) which are thought to be responsible for the so-called unidentified infrared
emission bands.” However, vibrational transitions can still be observed in absorption, but the conditions
for such observation — i.e. the presence of a proper sightline-lying background source, lighting up an
environment which has to be optically thin enough so that the light coming from the source can go
through it — are much rarer than those required for the observation of rotational transitions in absorption.
Nevertheless, IR astronomy can fill some pivotal gaps, since it can reveal the presence of highly
symmetric molecules, and even those lacking permanent dipole moments. Furthermore, it enables the

observation of molecular species in the condensed phase, such as those trapped within interstellar ices.
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Indeed, vibrational transitions remain accessible in the case of condensed-phase molecules. Moreover,
the properties of the matrix trapping the probed molecules can be studied because they can alter their
vibrational frequencies.” Since such alterations can also be studied and thus interpreted in the laboratory,

IR astronomy is a powerful tool for the study of ISM condensed materials.”

Visible and ultraviolet ranges represent a very small niche in terms of spectroscopic relevance in the field
of interstellar chemistry. Such radiations are energetic enough to trigger molecular or atomic electronic
transitions,” which can be obsetved even for molecular species with no permanent dipole moment, thus
giving an important contribution to patch the blindness of radioastronomy. Nevertheless, the required
energies are very high, and only few astrochemically relevant environments — such as stellar atmospheres
— were found to be sufficiently energetic to display spectroscopically relevant emission features in the
UV-Vis range.” Furthermore, such conditions do not allow molecular species to survive long: most
molecules, whenever formed or brought in such regions, simply dissociate into their constituent atoms.
However, fruitful absorption spectroscopic analyses in the UV-Vis range — leading to a few detections so
far — are still possible whenever diffuse line-of-sight interstellar clouds are irradiated by the proper
continuum background sources. Such conditions are much rarer than those required for IR absorption
spectroscopy, since interstellar clouds are characterized by much higher opacities in the UV-Vis range

than in the IR.

As well highlighted above, the lower the energy of the molecular levels involved in the chosen
spectroscopy, the higher the number of ISM molecular species detected by means of that spectroscopy
so far. However, very important reaction pathways — otherwise inaccessible — can be triggered only in
sufficiently energetic environments.”® In particular, when electromagnetic radiations are involved, the
higher their energy, the higher the possibility that they can induce relevant chemical transformations. It
goes without saying that highly energetic radiations can be fruitful in terms of molecular evolution only
whenever the proper equilibrium between photon density, temperature, and particle density is reached,
so that photodissociative pathways do not largely outnumber other ones (i.e. leading to complete

dissociation of any molecules into their constituent atoms).

This dichotomic importance of electromagnetic radiations depending on their energy can be easily
understood in the case of interface chemistry of dust grains in the interstellar medium, where both
temperatures and particle densities play pivotal roles.”” Whenever dust grains are exposed to sufficiently
energetic environments, their icy surfaces are heated: photo- and thermal desorption processes (based on
highly energetic phenomena) allow complex molecules to escape the outer layers of the grains.*® Such
complex molecules, once in the gas phase, become detectable with radioastronomy (based on much less

energetic phenomena). The aforementioned importance of temperatures and particle densities is also
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evident: dust grains can be considered as “concentrators” of molecules, thus allowing them to react on
their surfaces; furthermore, dust grains can display thermal flywheel effects, i.e. they can “buffer”
temperature fluctuations, also those due to non-radiative transitions following absorption of highly
energetic radiations.” These combined effects, when properly balanced, can trigger interesting chemical
transformations even at very low temperatures, also thanks to quantum effects such as quantum
tunnelling.” > As a matter of fact, most astrochemical transformations occur at much lower temperatutes
and pressures compared to those typical of terrestrial laboratories, thus taking place over much longer

* Nonetheless, the understanding of such processes requires

time scales, up to millions of years.
laboratory experiments, mainly for the production and spectroscopical characterization of
astrochemically relevant species, but also to probe different reaction channels potentially open in the
studied astrochemical conditions.”™ From this point of view, imines represent an interesting class of
organic compounds. Some of them are rather unstable in terrestrial conditions, but have been detected
in the ISM, while other imines are bench-stable compounds which have been successfully synthetized

using standard laboratory conditions, but they have never been detected in the ISM so far (vide infra).

The next section will give a clear picture to explain such dichotomy.

2.1.2. The case of N—H imines

Imines are known to be involved in many chemical processes, from organic chemistry to
biochemistry. They are crucial intermediates in organic methodologies for the synthesis of N-bearing
organic compounds (Figure 2.1A).” Moreover, the imine functional group is extensively present in

40-43

biologically active molecules (Figure 2.1B).
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Figure 2.1: (A) Some examples of imine derivatization (mainly additions, see Ref. 39). (B) Selected imine-derived natural products (imine-
derived C—N bonds depicted in red) and imine-based bioactive molecules (see Refs. 42, 43). (C) Imine nomenclature.

The chemistry of vision represents a noteworthy example of imine-based biochemical processes (Figure
2.2). The light-sensitive receptor protein involved in visual phototransduction, namely rhodopsin, is an
imine-type macromolecule, resulting from the condensation reaction between an aldehydic cofactor, i.e.
44-46

11-cis-retinal, and a primary amino group belonging to a protein molecule called opsin.
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Figure 2.2: Schematic illustration of the rhodopsin cycle (see Ref. 46).
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Formally, an imine is the product of the condensation reaction between a carbonyl compound, i.e. an
aldehyde or a ketone, and an amine, leading to aldimines or ketimines, respectively. Such condensation
reaction is usually performed in the presence of an acid catalyst, with concomitant removal of water,
cither through azeotropic distillation, or using drying agents, such as molecular sieves or magnesium
sulfate (Scheme 2.1A)."” Depending on the nature of the employed amine, i.e. ammonia or a primary
amine, imines can be divided in N—H (also referred to as N-unsubstituted) and N-substituted,
respectively (Figure 2.1C). The former are usually much more reactive than the latter.” In particular,
organic chemists are well aware of the instability of most N—H imine derivatives of aliphatic or aromatic
aldehydes. Indeed, only in a few cases they have been successfully isolated or characterized.*”* It is worth
mentioning the case of some relatively stable primary ketimines with two aromatic substituents: a
remarkable example is benzophenone imine (R' = R* = Ph, vide supra), a bench-stable compound which
has been extensively used as synthetic equivalent of ammonia in the Buchwald-Hartwig amination
reaction.”’ Generally, in the case of N—H imines, a reactivity trend can be observed: the less the number
of (aromatic) substituents, the higher the reactivity (and hence the difficulties concerning their isolation).
Nevertheless, aromatic aldimines have been identified as important reactive reaction intermediates.’>”
The labile character of most N—H imines — responsible for the common unfeasibility of their isolation —
resulted in the employment of N-substituted imines, i.e. possessing various substituents on the nitrogen
atom. Such substituents are used as either activating or protecting groups, depending both on the nature
of the imine and on the desired subsequent transformations, and they are usually removed after the
synthetic endeavour. The use of N-unsubstituted imines would be ideal to avoid protection and
deprotection steps, but the approaches leading to their generation are limited to (often putative) unstable
uncharacterized intermediates, whose presence is often strongly debated.”® In particular, the
aforementioned condensation reaction between ammonia and aldehydes is not suited for the synthesis
of N—H aldimines. On the one hand, controlled formation of N—H imines can be achieved through
peculiar hydrolytic pathways starting from N-metalloimines or silylimines.” Even azide precursors can
be used to access N—H imines under catalytic conditions, upon loss of N, and subsequent migration of
hydrogen (Scheme 2.1B).*** Other azide-bearing compounds — such as B-hydroxy azides” and o-

60

azidocarboxylic acids™ — were recently used for the formation of N—H imines in the presence of

ruthenium catalysts under photocatalytic conditions.
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Scheme 2.1: (A) General synthetic approach to imines: condensation reaction between a carbonyl compound and a primary amine (see
Ref. 47). (B) Selected mechanism for the catalytic generation of imines starting from azides (see Ref. 58).

On the other hand, despite being particularly appealing, hydrogenation protocols starting from the
corresponding nitriles are not feasible, due to catalytic conditions which are not compatible with a single
hydrogenation process. Indeed, such approaches either directly lead to the saturated derivative, i.e. the
corresponding amine, or they afford a mixture of primary-, secondary-, and even tertiary-amines, via
cascade pathways — with alternating hydrogenation and nucleophilic addition steps — involving the N—H
imine intermediates present in the reaction mixture (Scheme 2.2A).°" Even the other way round, i.e.
the oxidation of primary amines, cannot be exploited to synthetize N—H imines. Indeed, once an imine

67-70 :
’ it

species is generated in the reaction mixture, unless it is further oxidized to the respective nitrile,
usually undergoes hydrolysis to give the respective carbonyl compound (reverse reaction of Scheme
2.1A);"" otherwise, if hydrolysis rates are somehow controlled, the newly-generated imine can either
condense with an unreacted amine molecule (with the straightforward elimination of ammonia), or

undergo hydrolysis followed by condensation with an untreacted amine molecule (Scheme 2.2B).”"™
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Scheme 2.2: (A) General mechanism for the hydrogenation of nitriles (see Refs. 63, 65, 66). (B) General mechanism for the oxidation of
amines (see Refs. 72, 73).

All the aforementioned synthetic issues make the characterization of N—H imines a challenging task. The
most detrimental feature of classical organic synthetic protocols, hampering the characterization of N-
unsubstituted imines, is the nature of the reaction medium: whenever reactive species, such as N—H
imines, are generated in the condensed phase, their further transformations are not only unhampered but
rather favoured by the close proximity with other species. The best ways to avoid further reactivity are
cither the use very diluted solutions (but even the solvent molecules can react with sufficiently reactive
species), or the generation of the reactive species in the gas phase under low pressure and temperature
conditions. In the latter case, the molecules can be considered as non-interacting, due to the very low
particle density, and the generated reactive species have no sufficient thermal energy to undergo further
chemical evolution on their own. As already mentioned, most detrimental features of “terrestrial” organic
procedures do not concern interstellar chemistry. Indeed, the chemical reactivity in the interstellar
medium is very different from the terrestrial counterpart. Hence, ISM harbours plenty of reactive and/or

. . . W ls
unstable species, such as some N—H imines,”"”

which can survive long in the ISM due to its low
temperatures and particle density. The long half-life of such exotic species in the ISM enables their
detection by means of radioastronomical observation. However, to confirm such detections, a successful
laboratory spectroscopic characterization is mandatory. This dichotomy between the presence of exotic
molecular species in the ISM and their very short half-life in “terrestrial” laboratory conditions can be
overcome with state-of-the-art instrumental setups, involving the direct generation of labile species inside

the spectrometer. The multidisciplinary effort behind the detection of new interstellar species represents

one of the most challenging tasks in the field of astrochemistry. The main approaches to generate unstable
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species just before spectroscopic analyses are usually based on harsh conditions and rather poorly

predictable techniques,”

such as pyrolysis®" or electric discharge.” However, in some cases, milder
conditions — with accurately tuned pressures and temperatures — can be used to generate exotic species
with high selectivity, albeit such generation can be very slow, with the desired species being released in
the spectrometer in very low amounts, but still sufficient for a complete characterization. In particular,

the thermally tuneable formation of imines could be exploited both in the gas phase and in solution for

the characterization of phenylmethanimine (PMI).

2.2. Aim

PMI is an elusive aromatic imine whose characterization is highly desirable for both organic
synthesis and astrochemistry. A multidisciplinary strategy has been exploited for the production of PMI
in the gas phase and in solution. In particular, the described formation pathway of PMI is based on the
thermal decomposition of hydrobenzamide (HBA). A state-of-the-art computational characterization of
both isomers of PMI (i.e. E and Z), in terms of structural and spectroscopic properties, was preliminarily
performed to enable its first laboratory observation by means of rotational spectroscopy. This
spectroscopic analysis is a preliminary step for future astronomical searches. A further characterization
has been carried out using NMR spectroscopy, which enabled the investigation of HBA decomposition
in solution. The temperature dependence as well as possible mechanisms of the thermolysis process have

been examined.
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2.3. Results and discussion — Phenylmethanimine (PMI)

The detection of benzonitrile (BN) in the Taurus Molecular Cloud (TMC-1) is generally
recognized as a milestone in the field of astrochemistry.*’ Such finding was celebrated as the strongest
available proof of the presence of benzene in the ISM.* Indeed, ground-based astronomical detections
of benzene fingerprints are made impossible by two main issues: its infrared vibrational transitions are
blocked by atmospheric absorption, and its high molecular symmetry is responsible for its null permanent
dipole moment. Thus, no pure-rotational detections are feasible, as already mentioned in Section 2.1.1.
Therefore, observations of benzene have been limited to space-based infrared telescopes for the
detections of its vibrational transitions. In particular, benzene has only been detected in absorption
against few suitable bright sources using the Spitzer Space Telescope and the Infrared Space
Observatory.*®" Similarly to the case of benzene, the presence of other cyclic and polycyclic aromatic
hydrocarbons, such as cyanocyclopentadienes and cyanonaphthalenes, was inferred by other recent
detections of nitrile-bearing derivatives.*” The presence of nitrile-bearing unsaturated hydrocarbons
serves as a faithful proxy for parent unfunctionalized species.”’ Indeed, reactions of unsaturated
hydrocarbons with the ISM-abundant CN radical, are usually exothermic and barrierless, thus being open

reaction channels in the ISM.”*

’* In addition to the speculations concerning the possible precursors of
nitrile-bearing aromatic hydrocarbons, the detections of such species in the ISM open up new interesting
scenarios for the evolution of interstellar organic matter. In particular, polycyclic aromatic nitrogen
heterocycles (namely PANHs) are structurally linked to CN-bearing aromatic hydrocarbons, and the
presence of the latter in the ISM must be taken into account to understand the origin of PANHs.” Finally,
the large abundance of hydrogen in the ISM may be responsible of interesting hydrogenation pathways,

involving either the cyclic cores or the functional groups at the boundaries.”*”’

As far as BN is concerned, it can be considered as the precursor of an interesting imine, namely
phenylmethanimine (PMI). Hence, the spectroscopic detection of PMI in the ISM (more specifically,
starting from the same astronomical sources where BN was detected) is plausible. However, the detection
of a molecular species in the ISM requires its experimental spectroscopic characterization, which in turn
implies an effective production of the species of interest. Formally, PMI is the imine obtained upon
condensation between benzaldehyde (BA) and ammonia, and it exists in two geometric isomers, namely
E and Z, referring to the relative position of the phenyl group with respect to the imine hydrogen (Scheme
2.3, left-hand reaction). However, BA and ammonia, reacting in standard laboratory conditions, generate
no PMI at all, but rather a pseudo-trimeric product, namely hydrobenzamide (HBA, Scheme 2.3, right-

hand reaction), as white solid.”*"'""
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Scheme 2.3: Formal (left) and actual (right) condensation reaction between benzaldehyde (BA) and aqueous ammonia. The products are
phenylmethanimine (PMI) and hydrobenzamide (HBA), respectively.

The latter (which can be easily isolated, purified and characterized) can be classified as an aminal, obtained
through the formal condensation reaction between BA and two molecules of PMI. The elusiveness of
the reactive PMI, hand in hand with the observation of much more stable species (such as HBA, BA,
BN, or amines, depending on the reaction conditions), was highlighted many times, and PMI could only
be hypothesized as a relevant reaction intermediate."””'" Indeed, PMI has never been isolated. There are

3219 Furthermore, all the reported

just a few noteworthy works reporting its NMR identification.
approaches are not suitable for the generation of PMI in the gas phase (i.e. as required by rotational
spectroscopy). Thermally tuneable approaches from simple precursors are desirable alternatives, since
they avoid critical issues such as: (i) demanding experimental setups requiring subtle control of reaction
conditions; (i) trapping procedures leading to imine complexes; (iii) use of transition metal catalysis; (iv)
unfeasible interface with spectroscopic techniques. Eventually, we were pleased to observe the thermal
generation of PMI starting from HBA, both in the gas phase and in solution, thus resorting on rotational
and NMR spectroscopy, respectively. This enabled the first complete and accurate spectroscopic
characterization of both isomers of PMI by means of rotational spectroscopic techniques, which is

prerequisite for its identification in the ISM with radioastronomy. In the following, a full account of such

successful endeavour will be reported.

2.3.1. Rotational spectroscopy of PMI in the gas phase T

The spectroscopic characterization of a molecular species relies on the identification and
assignment of its spectroscopic patterns in the recorded rotational spectrum. However, for unstable
molecules, directly produced inside the spectrometer cell, such characterization is hampered by the
concomitant presence of several different species, whose features contribute to the overall spectrum. To
guide the analysis and interpretation of the rotational spectra, a state-of-the-art quantum chemical
characterization has been performed. Using the density functional theory (DFT), the potential energy
surface of PMI was preliminarily scanned, and its two isomers were located (Figure 2.3). The structures

of the latter were accurately computed by means of the so-called “cheap” composite scheme (ChS), which

T A. Melli and Dr. M. Melosso are fully acknowledged for the spectroscopic measurements and analyses in the gas phase,
petformed in the laboratories of Prof. J.-U. Grabow (COBRA-FTMW) at the Institute of Physical Chemistry and
Electrochemistry (Hannover), and in those of Prof. C. Puzzarini (FM-mmW) at the Department of Chemistry “Giacomo
Ciamician” (Bologna). Prof. V. Barone, Prof. C. Puzzarini, Dr. L. Spada, Dr. M. Melosso and A. Melli are fully acknowledged
for the computational analysis.
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"% The analysis revealed that the E isomer is 6 k] mol™' more

also provided accurate electronic energies.
stable than the Z species. The transition state between the two isomer was identified and properly

characterized, revealing a quasi-linear C-N-H geometry.
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Figure 2.3: Computed energies (ChS level) for the two isomers of PMI (i.e. E and Z) and the transition state ruling their interconversion.
The values in parentheses include harmonic B2PLYP zero-point energy corrections (from Ref. 107, CC BY 4.0).

Indeed, the isomerization process was found to occur in the molecular plane, similarly to what previously

. . 18 . . .
' and C-cyanomethanimine.'"” The interconversion is

determined for other imines, such as ethanimine
characterized by an isomerization barrier of 112 k] mol™". The geometrical charactetization is the starting
point for the prediction of the spectroscopic parameters. Indeed, the equilibrium structure of a molecular
species straightforwardly provides the equilibrium rotational constants. Even if they contribute to nearly
97-99% of the vibrationally averaged rotational constants (i.e. those corresponding to the vibrational
ground state, where the molecules usually lie), the vibrational corrections need to be evaluated and
incorporated. Since their evaluation is computationally expensive because it involves anharmonic force-
field calculations, DFT (in particular the B3LYP functional) has been used."*'"" Other properties that
are required for predicting the rotational spectrum are centrifugal distortion constants, dipole moment
components, and nuclear quadrupole coupling constants. The first parameters account for the fact that
the molecule is not a rigid rotor, and the latter ones describe the interaction between the quadrupole
moment of the nitrogen atom with the electric field gradient at the nucleus, which is responsible of
peculiar features in the rotational spectrum (vide infra). The dipole moment components are instead

needed for predicting the intensity of the rotational transitions. All these properties were computed using

the double-hybrid B2PLYP functional.'

The experimental gas-phase characterization of PMI was performed in the 3—26 GHz range, using the
COBRA-type (Coaxially Oriented Beam Resonator Arrangement) Fourier Transform Microwave
Spectrometer (FTMW).'"” The reservoir of a nozzle valve was filled with HBA and heated in the 30—100
°C temperature range. The vapours were mixed with neon (backing pressure: 1 bar) and then adiabatically

expanded into the cavity of the spectrometer, through a solenoid valve, resulting in a supersonic jet. The

31



Rotational spectroscopy of PMI in the gas phase

accuracy of the computational prediction allowed an easy interpretation of the rotational spectrum and
the unequivocal identification of both PMI isomers.'* For each isomer, more than one hundred
rotational transition frequencies could be identified and assigned. Each transition shows a unique pattern
due to the presence of the “N nucleus, responsible — as mentioned above — for the quadrupole coupling.
This interaction leads to the splitting of the rotational energy levels, which in turn determines a splitting
of the rotational transitions, the so-called hyperfine structure (see Figure 2.4).""” Furthermore, all
rotational lines appear as doublets because of Doppler effect due to the coaxial alignment of the resonator
with respect to the molecular beam. The most stable E isomer was also characterized in the 83—100 GHz

116

range, using a frequency-modulation millimetre-wave (FM-mmW) spectrometer, ° and employing a

different strategy for the generation of PMI, i.e. flash vacuum pyrolysis (FVP)'""'"® of a sample of a-

methylbenzylamine (890 °C). The latter approach will be described in detail in Section 2.3.3.
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Figure 2.4: Hyperfine structures of selected rotational transitions (Jx,k: = J'kak:) of E- and Z-PMI: 414 <= 313 and 404 <= 303 respectively.

The reported quantum numbers refer to the nuclear quadruple coupling scheme F <— F’, F'= J+I. The Doppler effect is responsible for the
highlighted splitting of each spectral line (from Ref. 107, CC BY 4.0).

The recorded and assigned transition frequencies were analysed using a suitable effective Hamiltonian,
thus leading to the derivation of the main spectroscopic parameters. The weighted non-linear fit of the
rotational transitions was performed using the Pickett’s CALPGM suite of programs.'”” The compatison
between experimental and computed values revealed an excellent agreement (for example, for rotational
constants, average and maximum errors are 0.03% and <0.05%, respectively). In particular, when such
good agreement concerns structure-dependent parameters, the reliability and accuracy of the computed

geometries are strongly confirmed.

Figure 2.5 displays the case of a specific rotational transition, recorded for four molecular species, namely
BA, BN, and the E and Z isomers of PMI, using the COBRA-FTMW spectrometer and different
temperatures. To allow proper thermalization of the sample after the temperature set up, the
measurements were performed no sooner than ten minutes after each temperature change. BA was
observed at all temperatures, while clearly distinguishable signals of the PMI isomers are observed only
above 80 °C. BN lines appear at the same temperature. For both PMI isomers and BN, the higher the

temperature, the more intense the transitions. The presence of water was assessed by checking the
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12321.0 MHz transition of the water dimer,”™ which was observed for each temperature increment.
Hence, water was found to be systematically present in the experimental apparatus, and it very likely

played a key role in the investigated hydrolytic process.
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Figure 2.5: Spectral features of the 505 <— 404 transition for the four investigated molecular species (from Ref. 107, CC BY 4.0).

In principle, the relative populations of the two PMI isomers can be assessed from the spectra of Figure
2.5. Unfortunately, in the case of E-PMI, its studied transition lies very close to the strong (out-of-chart)
transition of BA: the tail of the BA signal deeply affects the baseline of the E-PMI transition, preventing

its quantitative comparison with that of Z-PMI, and consequently hampering the accurate derivation of

the relative populations.

2.3.2. NMR spectroscopy of PMI in solution

The mechanism responsible for the generation of PMI vapours starting from HBA was expected
to occur through hydrolytic pathways. To support such hypothesis, and to evaluate its extension to the
condensed phase (i.e. in solution), even for other N—H imines, the thermal behaviour of HBA in solution
has been explored in a similar temperature range (25—110 °C) as gas-phase measurements by 'H-NMR
spectroscopy (Figure 2.0, top). Such analyses were performed using 1,1,2,2-tetrachloroethane-d, (b.p. 147
°C) as the solvent. Quantitative analysis of the diagnostic NMR signals was performed (Figure 2.6,
bottom), with particular reference to the temperature dependence of their normalized integral values

(with respect to that of the solvent residual peak at 6.0 ppm, arbitrarily fixed to 10).
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Figure 2.6: Top panel: variable temperature NMR experiments (600 MHz) of an HBA sample dissolved in 1,1,2,2-tetrachloroethane-d
(C2D2Cly). The solvent residual peak — highlighted with a vertical black line — was fixed at 6.0 ppm and used as reference signal. The
diagnostic NMR signals have been highlighted (vide infra for the assighments). Bottom panel: quantitative analysis of variable temperature
NMR spectra: temperature-dependence of normalized integral values of NMR signals. Red triangles refer to HBA N=CH (8.63—8.60 ppm),
cyan hexagons to HBA aminal (6.06—5.99 ppm), blue triangles to PMI ortho-protons (7.77—7.76 ppm), green squares to BA para-proton
(7.68 ppm), black squares to BA CHO (10.08—10.02 ppm) and grey circles to PMI N=CH (8.70 ppm). (from Ref. 107, CC BY 4.0).
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According to the available literature data, since PMI can be present as a mixture of E and Z isomers, two
distinct sets of signals are expected to be present, and the most visible differences can be observed for
the C=N protons, which feature different coupling constants depending on the isomer (Jz = 16 Hz, |, =
25 Hz).”® As in the case of the gas-phase experiment, the sample was heated to the desired temperature
and the '"H-NMR spectrum was acquired after 10 minutes to avoid thermalization processes during the
acquisition. The diagnostic signals of both BA and E-PMI were observed with increasing intensities,
hand in hand with the increase in temperature. Many signals show a linear dependence with the
temperature. In detail, NMR signals corresponding to the precursor (i.e. HBA) are characterized by
negative-slope temperature dependences, with the N=CH signals (red triangles) decreasing twice as fast
as the single-proton aminal signal. Instead, newly formed species present positive-slope linear regimes.
The trends of two signals (i.e. green and black squares) are almost superimposable, in terms of both slope
(positive) and normalized integral values. Such overlap occurs either when the respective signals belong
to the same species, or if they belong to different species being generated at the same rate. Indeed, these
two signals, featuring a 1:1 integration relationship, are compatible with the CHO and para-proton
(triplet) of BA, respectively. The other two positive-slope signals (i.e. blue triangles and grey circles)
feature a 2:1 integration relationship. In particular, the singlet at 8.70 ppm (grey circles) is compatible
with an iminic N=CH proton, while the doublet at 7.77 ppm (blue triangles) is compatible with the iminic
ortho-protons. Furthermore, the trend similarities between the iminic N=CH proton and the aldehydic
signals suggest that PMI and BA are generated by putatively interconnected processes. However, BA
appears to be produced before PMI, thus suggesting that the involved hydrolytic mechanism proceeds
with the initial formation of BA, followed by the formation of PMI starting from other transient species.
Noteworthily, neither BN nor Z-PMI were detected, even when the top temperature was reached.
Nevertheless, the presence of Z-PMI could not be unequivocally excluded. The observed differences
between the two spectroscopic measurements can be due to either different hydrolytic mechanisms, or
the availability of additional pathways in the case of gas-phase measurements. The absence of BN in
solution after thermal treatment of HBA was confirmed upon addition of a trace amount of BN to the
NMR samples previously heated at 110 °C. The spectrum was again recorded and compared to the one
recorded just before BN addition (Figure 2.7). New signals (doublet at 7.68 ppm, overlapping with a BA
triplet; doublet at 7.63 ppm; triplet at 7.50 ppm, overlapping with a HBA multiplet) were observed,
ascribable to BN and previously absent. The generation of BN in gas-phase experiments may be due to
catalytic properties of the metal surfaces, responsible for the fast dehydrogenation of PMI generated in
situ.””™'* The catalytic role of metal surfaces has already been highlighted in other rotational spectroscopy

126

experiments. ©° The complete lack of BN spectroscopic features in the case of NMR experiments in

solution, is indeed compatible with the complete absence of metallic surfaces in the NMR tube.
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Figure 2.7: 'H-NMR aromatic region (400 MHz, C;D>Cl, 25 °C) of HBA after the thermal gradient, followed by the addition of BN. The
teal spectrum is before BN addition, while the red one is after it (from Ref. 107, CC BY 4.0).

2.3.3. Mechanistic hypotheses

Scheme 2.4 depicts a putative hydrolytic pathway in accordance with the observed experimental
results.'””* In such a general picture, dehydrogenation is supposed to be the main pathway leading to
the formation of BN starting from PMI. As already mentioned, such process was found to be active only
during COBRA-FTMW measurements. The proposed mechanism, together with the differences between
the reported experimental conditions, requires the further analysis of the following key points: (1) the role
of water; (i) the role of metallic surfaces in the COBRA-FTMW spectrometer with respect to the glass

surfaces acting in the FM-mmW experiment.

NH
P L . N
2

EBA
H,0 h Ph _NH H I
conditions
PMI

HBA BN

Scheme 2.4: Putative hydrolytic pathway of HBA.

The crucial role of water is self-evident, since the detection of benzaldehyde cannot be justified without
oxygen sources. As long as water is available, the hydrolytic pathway can occur. Indeed, both low-
temperature experiments, i.e. COBRA-FTMW and NMR, featured the spectroscopically confirmed
presence of water (water dimer and residual water of the deuterated solvent, respectively). Its amount is
believed to be sufficient to observe the formation of the main species arising from HBA hydrolysis: BA
at room temperature and PMI at higher temperatures. The FM-mmW experiment was exploited with the
aim of gaining further hints on the hydrolytic mechanism. In analogy with the COBRA-FTMW
experiments, a tentative production of PMI in the gas phase by simple thermolysis of HBA was
performed. The solid was placed inside a glass tube and heated up to 100 °C. Uniform heating was also

ensured along the path to the absorption cell. Based on the data from low-frequency measurements, the
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detection of two strong transitions of E-PMI was attempted: a portion of the spectrum around 85.5 GHz

was scanned as the sample was heated up. However, no signal attributable to PMI (nor BN) was found.

To understand the differences between the experimental evidences from COBRA-FITMW and FM-
mmW conditions, a more complete description of the latter is required. Typically, the FM-mmW
spectrometer is equipped with a glass cell, in which a continuous gas flux is established by means of the
pumping system. Such dynamic conditions are expected to ensure the complete removal of water,
although its residual presence cannot be ruled out, as well as of the by-products resulting from the
reaction of unstable species such as PMI. Furthermore, contrary to COBRA-FTMW conditions, no
metallic surfaces are present in the instrument. Hence, the lack of formation of PMI in the FM-mmW
experiment can be explained with two non-mutually exclusive hypothesis: (1) water is not available in a
sufficient amount to hydrolyse HBA; (ii) metal catalysis is mandatory to obtain PMI from HBA in the
gas phase. Eventually, a different approach (i.e. FVP) enabled the production of PMI, with the aim to
extend the spectroscopic investigations at higher frequencies. Two possible precursors were chosen for
the pyrolytic generation of PMI: benzylamine and a-methylbenzylamine. These were expected to produce

PMI through dehydrogenation or elimination of CHy, respectively (Scheme 2.5).

Hp

rNH2 ‘

CH, -
NH FVP
\r 2 / conditions (+BN)
+
Ph

PMI

Scheme 2.5: FVP approaches for the generation of PMIL

This approach allowed a small set of 27 transitions (belonging only to E-PMI) to be measured. In
particular, a-methylbenzylamine led to the best S/N of the spectra. Conversely, its structural isomer N-
methylbenzylamine, when pyrolyzed, gave no PMI-related signals. Interestingly, BN was detected as a
pyrolysis co-product. The PMI signal reached its maximum intensity when the furnace temperature was
set to 890 °C, while the intensity of the BN transitions kept increasing up to 1200 °C. Regardless of the
mechanism leading to the formation of PMI in FVP conditions, the FM-mmW experiment confirmed
COBRA-FTMW measurements and improved their extrapolation at higher frequencies. Still, PMI
formation from HBA in the gas phase with no available metallic surfaces remains an unexplored area.
The putative absence of Z-PMI in both the FVP and NMR conditions is worth of further investigation.

The assessment of the causes of such absence may give a clearer general mechanistic picture.

37



Conclusions

2.4. Conclusions

The employment of HBA as a bench-stable PMI precursor was found to be suited for the easy
and affordable thermal generation of PMI, both in the gas phase and in solution, as confirmed by RER
and NMR spectroscopy experiments, respectively. An accurate computational characterization of PMI,
in terms of structural, spectroscopic and energetic parameters, has been carried out, thus paving the way
for the registration and analysis of the microwave spectrum of both E- and Z-PMI. This represented
their first laboratory identification, a mandatory prerequisite for the astronomical search of these species
in the interstellar medium, which indeed relies on accurate rotational rest frequencies. The strong
chemical connection between BN and PMI, in conjunction with the reported rotational laboratory
identification of PMI, suggested the Taurus Molecular Cloud (TMC-1), where BN was identified, as the
region of choice for the first astronomical observation. Unfortunately, no rotational transitions ascribable
to PMI have been identified in TMC-1 so far. Indeed, some important differences between BN and PMI
may hamper the astronomical detection of the latter. In particular, PMI has a smaller dipole moment
than BN and its population is split over two isomers. Nevertheless, the reported spectroscopical
characterization will be fundamental for future astronomical searches of PMI, which will also benefit of
the steady technological advancement of the more and more numerous astronomical observation
facilities.

Finally, the comparison between different generation approaches allowed us to hypothesize a possible
mechanism of PMI formation by thermolysis of HBA, in which water is thought to play a crucial role.
Further laboratory studies are required to simulate putative astrochemically-relevant pathways for the
generation of PMI, since the reported HBA thermolysis was explored as the most straightforward
“terrestrial” method for spectroscopic purposes. In particular, hydrogenation studies of benzonitrile

performed in astro-mimicking conditions may unveil how PMI can be produced in space.

2.5. Experimental/computational section

Unless otherwise stated, common chemicals and solvents (HPLC grade or reagent grade) were purchased
from commercial sources and used without further purification. NMR spectra (for characterization) were
recorded at 25 °C in a 400 MHz spectrometer using the deuterated solvent as an internal deuterium lock.
The residual protic signal of the solvent (7.26 ppm, for 'H-NMR), and the "CDCl; signal (77.16 ppm,
for "C-NMR), were used for spectra recorded in CDCls. Chemical shifts are reported in parts per million
(ppm) of the § scale relative to TMS for 'H and "C spectra. Coupling constants are in Hertz, and the
multiplicity is as follows: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), dd (doublet of
doublets), dt (doublet of triplets), ddd (doublet of doublet of doublets), br (broad signal). ATR-FTIR
spectra were obtained with an ATR-FTIR Bruker Alpha System spectrometer. Gas chromatography-
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mass spectrometry (GC-MS) spectra were obtained by El ionization at 70 eV on a Hewlett-Packard 5971
with GC injection; they are reported as 7/ (rel. intensity). The gas-phase characterization of PMI has
been performed in the 3—26GHz range, using the COBRA-type (Coaxially Aligned Beam Resonator
Arrangement) Fourier Transform Microwave Spectrometer (FTMW), described in details elsewhere.'”
Additional spectra were recorded in the 83—100 GHz range using a frequency- modulation millimetre-

wave (FM-mmW) spectrometer, described in details elsewhere.'

Further details on the experimental
conditions for rotational spectroscopic measurements are accurately described in Ref. 107. The synthesis
of HBA and the experimental conditions for NMR experiments in solution are described in Sections

2.5.2 and 2.5.3, respectively.

2.5.1. Computational methodology

A preliminary scan of the potential energy surface (PES) of PMI has been carried out using a
cost-effective approach based on density functional theory (DFT). In detail, the B3LYP-D3(BJ)/SNSD
level of theory (hereafter referred to as B3 level)''""'"" has been employed for a reliable and fast exploration
of the conformational space. The formulation of this hybrid functional includes the treatment of

dispersion effects by means of Grimme’s DFT-D3 scheme'”

in conjunction with the Becke-Johnson
(B]) damping function.” SNSD is double-{ basis set (available for download at smart.sns.it) derived from
the NO7D one."”>"” Subsequently, the double-hybrid B2PL.YP-D3(BJ) functional''? has been employed

in conjunction with the maug-cc-pVTZ-dH basis set'”

(hereafter altogether denoted as B2 level), to
obtain a more accurate description of the stationary points of the PES. In the basis set above, the “-dH”
notation refers to the removal of the d functions on hydrogen atoms from the original maug-cc-pVTZ
basis."”® As mentioned in the main text, this investigation of the PES led to the identification of two

isomers: E- and Z-PMI. To allow a straightforward interpretation of their rotational spectrum, the

accurate determination of several spectroscopic parameters is mandatory. In this context, the vibrational

ground-state rotational constants By are defined (where i refers to the a, b, ¢ inertial axes) according to

vibrational perturbation theory to the second order (VPT2):"*

e .
By =Bl -5 ) o (2.5)

r
where Bl are the equilibrium rotational constants and @l are the vibration-rotation interaction constants,
the sum running over all r vibrational modes. The Bl are straightforwardly derived from the equilibrium

5

structure,'” while the second term on the right-hand side is the vibrational correction (AByj, =

1a P .
— > 2r ). If we compare the two terms, By is significantly larger than AB."*"*" Thus, the major

computational effort is devoted to the equilibrium geometry optimization. For this purpose, the so-called
“cheap” composite scheme (from here on shortly denoted as ChS) was exploited."” Despite its

denomination, which is explained by the limited computational cost compared to a full coupled-cluster
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(CC) approach, the “cheap” composite scheme leads to accurate results (about 0.001—0.002 A for bonds
and 0.1-0.2 A for angles). To fulfil such an accuracy without steeply raising the computational
requirements, composite schemes like the ChS approach rely on the additivity approximation, which
states that all contributions required can be evaluated at the best possible level of theory according to the

size of the system and combined together. Within this framework, ChS is summarized as follows:
Ichs = r(CCSD(T)/VTZ) + Ar(MP2/CBS) + Ar(MP2/CV) + Ar(MP2/AUG) (2.6)

where r denotes a generic structural parameter. On the right-hand side: (i) the first term is r optimized at
the fc-CCSD(T)/cc-pVTZ level of theory,”'* with “fc-” referring to the frozen-core approximation,
and CCSD(T) standing for the CC theory including single and double excitations augmented by a
perturbative treatment of triples; (i) the second term refers to the extrapolation to the complete basis set
(CBS) limit, which is carried out using the n™> formula by Helgaker ez a.'*' applied to Moller-Plesset
perturbation theory to second order (MP2),'* thereby employing fc-MP2/cc-pVTZ and fc-MP2/cc-
pVQZ optimized parameters; (iii) the third term is the core-valence (CV) correlation contribution is
evaluated as difference between the all-MP2/cc-pCVTZ'™ and fc-MP2/cc-pCVTZ parameters, where
“all-” denotes the correlation of all electrons; (iv) the last term introduces the effects of the inclusion of
diffuse functions into the basis set, and it is estimated as difference between the fc-MP2/aug-cc-

pVTZ"*"* and fc-MP2/cc-pVTZ optimized parameters.

Subsequently, in order to evaluate the vibrational ground-state rotational constants, as expressed in
Equation (2.5), it is necessary to compute the ABy, term, which requires expensive anharmonic force-
field calculations. However, as anticipated above, the vibrational correction term is significantly smaller
(usually 1—-3% of the B value),”""® thus allowing us to employ a low, cost-effective level of theory.

Therefore, anharmonic force fields (one for each isomer) have been computed at the B3 level.

To complete the set of spectroscopic parameters, the (quartic) centrifugal-distortion constants have been
obtained from B2 harmonic force-field calculations. At the same level of theory, first-order properties,
such as dipole moment and nuclear quadrupole coupling constants, have also been evaluated. While
dipole moments are required to have information on the intensity of rotational transitions, the nuclear
quadrupole coupling constants have a strong impact on the rotational spectrum.'” By reformulating
Equation (2.6) as follows, the ChS approach can be employed to derive accurate electronic energy of the

stationary points on the investigated PES:

Ecps = E(CCSD(T)/VTZ) + AE(MP2/CBS) + AE(MP2/CV) (2.7)
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For these single-point energy evaluations, the optimized structures at the B2 level have been chosen as
reference geometries. Analogously to Equation (2.6), the first term on the right-hand side of Equation
(2.7) is the electronic energy evaluated at the fc-CCSD(T)/cc-pVTZ level of theory, while the last term
is derived as difference between all-MP2/cc-pCVTZ and fc-MP2/cc-pCVTZ energies. Different is
instead the evaluation of the CBS limit term, which is calculated in two steps: (i) the HF energy is
extrapolated to the CBS limit by resorting to the three-point formula proposed by Feller'* and employing
the cc-pVTZ, cc-pVQZ and cc-pV5Z basis sets; (i) the extrapolation to the CBS limit of the MP2
correlation energy is derived according to the formula by Helgaker e# a/,'"" using the cc-pVTZ and the
cc-pVQZ basis sets. To incorporate zero-point energy (ZPE) corrections, ChS energies have been
augmented by harmonic ZPE terms obtained from the B2 harmonic force-field calculations mentioned
above. Quantum-chemical calculations have been performed using either the Gaussian16 suite (DFT and

MP2)'* or the CFOUR package (coupled cluster).'*’

2.5.2. Synthesis of HBA, 1-phenyl-IN,IN -bis(phenylmethylene)methanediamine

98-1

HBA was synthesized following the procedure described in literature.”®"! Ammonium

HBA
vNYNwPh hydroxide solution (28—30% NHj; basis, 510 mmol, 33.2 mL) was added to benzaldehyde

Ph

Ph
(BA, 39.4 mmol, 4 mL) and the mixture was stirred at room temperature for three hours.
A white precipitate appeared, which was recovered by filtration through a fritted funnel and washed with
small portions of cold diethyl ether (3x10 mL). HBA was obtained as spectroscopically pure white solid
(2.747g, 9.2mmol, 70%). Spectroscopic data were in agreement with those reported in literature.'*® "H-
NMR (CDCls, 400 MHz, ppm) &: 8.60 (2H, s), 7.90—7.84 (4H, m), 7.55—7.50 (2H, m), 7.47—7.41 (6H,
m), 7.41-7.35 (2H, m), 7.33—7.27 (1H, m), 5.99 (1H, s). "C-NMR (CDCl3, 100 MHz, ppm) &: 160.8 (2C),
141.9, 136.2 (2C), 131.2 (2C), 128.8 (4C), 128.70 (4C), 128.68 (2C), 128.0, 127.4 (2C), 92.8. ATR-FTIR
(em™) ¥: 3059, 3031, 2856, 1638, 1492, 1450, 1578, 1357, 1314, 1296, 1216, 1168, 1075, 1030, 914, 755,
700, 632, 565, 483. MS (EI) 7/z 194, 165, 152, 116, 104, 89, 77.

2.5.3. Variable-temperature NMR analysis

Once HBA was obtained with the required level of purity, a sample was placed in an NMR tube
and dissolved in 1,1,2,2-tetrachloroethane-d> (b.p. 146 °C) for variable temperature analysis, using a
Varian Inova 600MHz equipped with an ATB Broadband Probe, operating at a field of 14.4 T. The NMR
spectra were acquired ten minutes after the chosen temperature was reached, to avoid thermalization
processes to occur during the acquisition. Chemical shifts are reported in ppm from TMS with the

residual solvent resonance as the internal standard (C;HoCls: 8 = 6.0 ppm).
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Fluorinated organic species

3.Fluorinated organic species

3.1. Introduction

3.1.1. Importance and occurrence

Fluorinated molecules have a wide range of applications.! In particular, fluorine is the second
most used heteroelement in life sciences after nitrogen.”” Approximately 20% of marketed drugs and
50% of agrochemicals registered in the last two decades are estimated to contain one or more fluorine

atoms (Figures 3.1A and 3.1B, respectively).”™
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Figure 3.1: Some examples of synthetic organofluorine compounds used in life sciences: (A) drugs (selected from Refs. 9, 10), (B)
agrochemicals (selected from Ref. 8), (C) PET imaging agents (selected from Ref. 11).

In particular, the key role of fluorine in medicinal chemistry'**i

is also witnessed its increasing importance
in biological studies by extensive use of "*F-labeled molecules in positron emission tomography (Figure
3.1C)."”>" Indeed, the incorporation of fluorine in key positions of a molecular system can affect its
conformational stability (see, e.g., the “gauche effect”),’” membrane permeability, metabolic stability, and

18,19

binding affinity,'®" thus representing a very useful and versatile tool for drug design.””*' These distinctive
features are related to the intrinsic properties of the C—F bond (a highly polarized covalent bond with a

large dipole moment and bond strength greater than that of C—H), which is able to establish interactions
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of charge/dipole nature with the environment, also showing hyperconjugative effects trelated to the

1.2

presence of a low-energy C—F sigma antibonding orbital.* The importance of fluorine and, especially,

organofluorine compounds, has stimulated the development of a large number of interesting

23-26

methodologies for fluorine incorporation,™ = with fluorinated amino acids being particularly significant

targets since their introduction in specific domains of proteins can improve their stability and folding*™

' as well as their biological activity.”>” Indeed, the incorporation of fluoro amino acids, such as

fluorinated proline,* phenylalanine,” and tyrosine®”

in specific proteins, has been analysed in detail.
Fluorinated amino acids can also be introduced in peptides by chemical synthesis,” tibosomal
translation,” or chemical ligation.* It is from this perspective that the increasing importance of

fluorination for pharmaceutical applications has been put forward."!

3.1.2. Methodologies for fluorine incorporation into organic nolecules

Fluorination and fluoroalkylation are the major strategies used for the formation of carbon-
fluorine bonds and fluorinated carbon-carbon bonds, respectively. The past two decades have witnessed
a rapid growth in fluorination and fluoroalkylation methods thanks to the development of new reagents
and catalysts.” Nevertheless, although inorganic fluorides — such as CaFa, a mineral also called fluorite
or fluorspar — are abundant on Earth, their physical properties and lack of reactivity make them unsuited
for most synthetic organic chemistry. Furthermore, the organofluorine compounds typically required for
the synthesis of pharmaceuticals are extremely rare in nature.®* As a result, almost all of the
organofluorine compounds and materials used in industry and academia are synthetic. The source of
fluorine for all fluorination and fluoroalkylation reactions is HF, which is prepared from the reaction of
CaF, mineral with sulfuric acid.® Unfortunately, HF is not a process friendly reagent in a typical
laboratory setting, as it has the ability to dissolve glass by reacting with silicon. It must be handled carefully
due to its corrosive nature, since it can penetrate the skin, causing severe burns and toxicity as the fluoride

ion reacts with calcium in the body.*

However, suitably equipped industrial plants can efficiently and
safely use HF to produce most of the available fluorination reagents. Eventually, the increasing
knowledge of the properties and behaviours of chemical bonds involving fluorine enabled the production
of greener, milder, safer, cheaper, more efficient and more selective fluorinating reagents.””* Recently,
huge efforts have been devoted to the development of catalytic methodologies for the incorporation of
single fluorine atoms or fluorinated groups into organic molecules. In particular, the optimization of
reactivity and selectivity can be achieved combining astute selection of fluorination/fluoroalkylation
reagents with new catalyst designs.””' Fluorination protocols may seem the most straightforward
methods for the introduction of a fluorine atom. Actually, the displacement of a leaving group with a

simple fluoride source is a difficult reaction, since the fluoride anion tends to act more as a base than a

nucleophile, unless aided by hydrogen bonding.”” Hence, fluorine is usually introduced into organic
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scaffolds as part of polyatomic fluorine-bearing groups, mainly by means of fluoroalkylation protocols,
such as trifluoromethylation, difluoromethylation or monofluoromethylation. Before analysing in detail
the most common fluorination protocols, a brief summary of the main fluoroalkylation strategies will be

given in the following.

Trifluoromethylation protocols are very widespread as fruitful strategies for the introduction of
fluorinated functional groups. Indeed, such methodologies can be efficiently exploited thanks to a
plethora of trifluoromethylation reagents — whose properties and reactivity depend on their electronic
properties — stimulating the development of wvarious trifluoromethylation methods, including

electrophilic, nucleophilic, radical and transition-metal catalysed or mediated reactions (Figure 3.2).”
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Figure 3.2: General account of trifluoromethylation methods. Electrophilic methods (E): addition to electron-rich alkenes (Ea), asymmetric
a-trifluoromethylation of carbonyl compounds (Eb). Nucleophilic methods (IN): uncatalyzed (Na) and catalyzed (Nb, asymmetric) addition
to carbonyls/imines. Radical methods: addition to alkenes (Ra), asymmetric o-trifluoromethylation of carbonyl compounds (Rb),
trifluoromethylation of alkyl bromides/catrboxylic acids (Rc), trifluoromethylation through C—H activation (Rd). Transition-metal methods
(TM): cross-coupling with aryl electrophiles (TMa), aryl C—H trifluoromethylation (TMb). Inset: trifluoromethyl thianthrenium triflate, an
example of versatile trifluoromethylating reagent (Ref. 54).

Due to the high electronegativity of fluorine, nucleophilic trifluoromethylation reagents, i.e. having a
partial negative charge on the active trifluoromethyl donor group,” are more common than electrophilic
ones. Indeed, only few trifluoromethylation reagents have a partial positive charge on the fluorinated
group.”® Particular trifluoromethylation reagents can behave as nucleophilic, electrophilic or radical
sources of trifluoromethyl groups, depending on reaction partners and conditions (Figure 3.2, inset).”
Contrary to trifluoromethylation protocols, difluoromethylation and monofluoromethylation

methodologies are much less versatile in terms of the electronic properties of the active fluorinated donor

group.”’ Some examples of tri-, di-, and mono-fluoromethylating reagents are reported in Figure 3.3.
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Figure 3.3: Selected examples of tri-, di-, and mono-fluoromethylating reagents (A, B, and C, respectively).

Albeit the aforementioned strategies and reagents can be used to solve most synthetic issues related to
fluorine incorporation into organic molecules, some of them can only be overcome by inserting single

fluorine atoms. Due to the high electronegativity of fluorine, nucleophilic reagents are the most

prominent (Figure 3.4A).
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Figure 3.4: Most common nucleophilic and electrophilic fluorinating reagents (A and B, respectively).

In particular, well-known HF derivatives include HF-pyridine (Py-9HF, Olah’s reagent),” triethylamine
trihydrofluoride (Et:N-3HF)” and HF complexed with 1,3-dimethyl-3,4,5,6-tetrahydro-2-pytimidinone
(DMPU-HF).” Gradual release fluoride sources — such as diethylaminosulfur trifluoride (DAST), Deoxo-
Fluor®, PhenoFluor™ and PyFluor — are usually referred as deoxyfluorinating reagents, since they merge
high oxophilicity with the ability to release fluoride in solution.”’ The rationale behind the use of
tetrabutylammonium fluoride (TBAF) as a fluoride source, is often controversial, mainly because of the

62,6

difficulties in establishing its hydration degree.”>” Nevertheless, it can be employed in the form of

hydrogen-bonded complexes — such as TBAF(~BuOH), and TBAF(pin), — with tuneable nucleophilic

properties.”**

Moving to electrophilic fluorinating reagents such as Selectfluor® and N-
fluorobenzenesulfonimide (NFSI), the partial positive charge on the electronegative fluorine makes them

useful as powerful oxidants (Figure 3.4B). As far as transition metal catalysis is concerned, reductive
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elimination is usually the most relevant issue in the case of C—F bond formation. Accurate mechanistic
studies revealed that reductive elimination — whenever Pd(0)/Pd(II) catalytic cycles are involved — is
feasible with a bulky ancillary ligand, forcing C—F bond formation from a 14-electron Pd(II) complex.”’
However, high oxidation metal complexes, such as those involved in Pd(II)/Pd(IV) and Cu(I)/Cu(IIl)

catalytic cycles, were found to ease the reductive elimination step,””

together with the introduction of
propetly designed novel ligands or assisting/directing groups.”’ Promising decarboxylative fluorination
protocols have recently emerged amongst photoredox catalysis approaches.””’” The challenge of
controlled stereoselectivity can be tackled with the use of electrophilic fluorination reagents and transition
metal catalysis,” or by means of organocatalytic approaches, such as enamine catalysis™ or

77 Recent biomimetic studies, focused on the fluorinase

cationic/anionic phase transfer catalysis.
enzyme, ended up with alternative bioinspired strategies merging hydrogen bonding and phase transfer
catalysis to use alkali metal fluorides as fluorine sources in asymmetric catalysis.””””> However, most of
the aforementioned approaches require pre-functionalized substrates, lowering the atom economy of the
transformations. This drawback can be overcome by means of fluorination protocols through C—H
activation,” allowing selective functionalization at late synthetic stages, a fairly common occurrence when
prepating novel drugs and chemical libraries.”” Even in this case, electrophilic fluorination reagents
dominate, due to their ability to act as both fluorine sources and oxidants. Nevertheless, shrewd
combinations with suitable external oxidants have recently enabled the use of nucleophilic fluorination
reagents.””” Depending on the activation mode operating in C—H fluorination approaches, they can be

divided into two classes: transition metal-catalysed protocols, involving a metal centre in the C—H

activation step, and radical-based methodologies, involving carbon-centred radicals.”

3.1.3. Fluorine in the biosphere: such a rarity

The abundance of laboratory strategies for the incorporation of fluorine into organic molecules
is not matched with a wide range of natural approaches. Although fluorine is the 24™ most abundant
element in the universe, and the 13™ most common element in the Earth’s crust (0.059% by weight),”
the biosphere appears as almost “impermeable” to the involvement of fluorine in most biochemical
processes.” The first obstacle preventing fluorine to flow from abiotic inorganic matter to the biosphere
is the low water solubilities of the most common natural inorganic sources of fluorine, i.e. the minerals
fluorspar (CaFy), fluorapatite [Cas(PO4);F] and cryolite (NasAlFs).* For the sake of compatison, the
bioavailability of fluoride in seawater is four orders of magnitude lower than that of chloride (1.3 mg L™
and 19 g 7', respectively). Besides, the electronic propetties of fluorine (in particular its electronegativity)
make its redox chemistry virtually inaccessible for most of the known enzymatic kits. Indeed, fluorine
redox potential (F»/2F = +2.87 V) is much higher with respect to other halogens, hampering the

formation of fluorine analogues of hypohalites or other electrophilic halogen species involved in
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enzymatic halogenation processes.” Finally, fluoride ion has a very high hydration energy (490 k] mol ")
and is therefore a rather poor nucleophile in aqueous/biological media. Hence, the formation of organic
C—F bonds via typical nucleophilic substitution pathways involving fluoride ion can hardly occur in such
environments, unless peculiar enzymatic systems come into play.”” Therefore, fluoride ion (the most
common fluotine species in nature)® is usually considered a xenobiotic, contrarily to the other halides,
albeit fluorine is by far the most common halogen on Earth (chlorine, bromine, and iodine rank 19*, 49",

and 62, respectively). Despite the aforementioned difficulties, eventually some organisms managed to

develop enzymatic kits for the synthesis of fluorinated organic compounds (Figure 3.5).*

(o} (o} -00C OH OH OH OH
F\)J\ _ F\)J\ *ooc\)’\/coo F\)\)\ F COOH
o H v~ COOH
F OH NH,

fluoroacetate  fluoroacetaldehyde  (2R,3R)-fluorocitrate  (2R,3S,4S)-5-fluoro-2,3,4- (25,385)-4-fluorothreonine
trihydroxypentanoic acid ’

F COOH F COOH
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— COOH /\/\A/WA/COOH
T N N N Vg F
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F COOH .
OH OH OH
(9R*,10R*)-18-fluoro-9,10-dihydroxystearic acid nucleocidin

Figure 3.5: Selected naturally occurring fluorinated organic species.

In the following, a brief account of the main fluorinated organic species of biogenic origin discovered so
far, is reported:

1. Fluoroacetate is produced by numerous plant species. Even some edible plants — e.g. tea leaves,
soy beans, oatmeal — were found to contain nontoxic levels of fluoroacetate. The mechanism of
fluoroacetate biosynthesis in plants is still unknown.” Some microorganisms also produce
fluoroacetate. In the case of Strepromyces cattleya, its whole biosynthetic pathway was uncovered.
More specifically, the mechanism of the fluorination step — catalysed by the fluorinase enzyme —
was fully elucidated.””* Furthermore, the metabolism of fluoroacetate was identified as the main

cause of its high toxicity.” Fluoroacetate-producing organisms developed proper strategies to
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avoid self-poisoning. High fluoroacetate resistance was also observed in the case of herbivores
living in areas harbouring fluoroacetate-producing plants.

(2R,3R)-Fluorocitrate is a metabolite of fluoroacetate, formed whenever the latter enters the citric
acid cycle.”

Fluoroacetaldehyde is a metabolic precursor of fluoroacetate in Streptomyces cattleya.”
(2R,35,45)-5-Fluoro-2,3,4-trihydroxypentanoic acid is a side fluorometabolite of the fluorinase
pathway.”

Nucleocidin is a fluorinated nucleoside produced by Streptomyces calvns.”’

o-Fluorinated fatty acids were discovered in the seed oil of Dichapetalum toxicarinm, a West African

%1% They are toxic because their metabolism generates fluoroacetate. Contrarily to the

plant.
latter, they are very lipophilic and can be directly absorbed through the skin. Their ratios are
similar to those observed for the parent nonfluorinated fatty acids, thus suggesting a common
biosynthetic origin.

(25,35)-4-Fluorothreonine (4F-Thr) is the only naturally occurring fluorinated amino acid
discovered so far. It is coproduced with fluoroacetate by Streptomyces cattleya.'”" Tt acts as an
antibiotic agent towards several bacteria."”” It probably exerts its action when it replaces parent
nonfluorinated threonine (Thr) in primary metabolic pathways, thus resulting in the production

of other toxic fluorinated species.m3
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3.2. Aim

4F-Thr has been examined as a fluorinated analogue of Thr, aiming at a deeper understanding of
the effects of fluorine insertion into organic molecules.” This task requires special computational
methodologies to evaluate structural and physicochemical properties. Indeed, flexible molecules in
aqueous media need to be described in terms of an ensemble of low-lying conformers experiencing local
fluctuations. The conformational ensemble must be as exhaustive as possible to avoid unsatisfactory
description and modelling. Such “completeness” can be achieved by combining quantum chemistry and
machine learning. This strategy enables an effective exploration of the “flat” conformational space, which
means a detailed analysis of conformational changes involving small energy variations. Indeed, 4F-Thr
represents an ideal compromise — between the need for compounds with non-trivial PES as test cases,
and the need to keep complexity low enough to avoid excessively demanding computational analyses —
to test and validate the proposed strategy. Although enantioenriched samples enable comparative studies
between calculated and experimental chiroptical properties, direct diastereoselective approaches allow
the production of racemic samples, which are still very useful to assess a wide range of relevant properties.
Indeed, this is the case for the acid dissociation constants of 4F-Thr, which were determined through
accurate titration experiments. From the synthetic point of view, the main aim of this project was the
development of new synthetic approaches to obtain sufficient amount of 4F-Thr for its
characterization.'” Moreover, gas-phase measurements — by means of laser-ablation techniques — are
currently ongoing (the racemic sample is suited for this purpose), with the aim of measuring the rotational
spectrum of 4F-Thr to determine its conformational population in the gas phase. Even in this case,

preliminary computational studies are necessary to guide the interpretation of the experimental data.
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3.3. Results and discussion — 4-Fluorothreonine (4F-Thr)

An effective comparison between theoretical investigations and observed physicochemical
properties requires enough 4F-Thr, depending on the experimental measurement. Detailed studies and
advancements in possible applications of 4F-Thr have been suffering from the lack of available materials
due to difficult or tedious syntheses, while drug design applications might be hampered by the lack of
structural and physicochemical characterization. To date, according to the best of our knowledge, only

five synthetic routes have been reported for 4F-Thr (Scheme 3.1).'">”

Scolastico et al. 1985 Fujisawa et al. 1993
. . ) Li OAc
o\"E\OBn i) NHg, 40 days ii) COCl, i) Lipase COOE
iii) isobutene, H* iv) Hp, Pd/C \ / ii) BHg, THF
1% ) DAST vi) HCI oH iii) E,N/EOHH,0 ©  NoMe 2
""""""""""""""""""""""""""" COOH Tttt T T T T T
O’Hagan et al. 1997 Griengl et al. 2007
By Me i) L%g, oI;;CHzcoCl / T \ L-threonine aldolase ?
Y 0 — PLP, pH =8 H , _COOH
CbzN if) NaBH, r
3 i) Hel F NH,

Doyle et al. 2014

PhCOF, HFIP
41dr catalytic: (linked salen)Co, OH
COOMe DBN, TBHP COOMe
4 NHCbz MTBE, 0.05 mmol scale ¢ nucpz 2

Scheme 3.1: Previous literature synthetic routes for 4F-Thr.

In the following, a brief account of these strategies is reported, with particular emphasis on the main
drawbacks:

1. In 1985, Scolastico et al'” reported an enantioselective approach starting from the known
(25,3R)-3-benzyloxymethyl-2- (hydroxymethyl)-oxirane, affording 4F-Thr in 7 steps. Ruthenium-
catalysed oxidation with sodium metaperiodate led to the corresponding carboxylic acid 1. The
latter was treated with concentrated ammonia for 40 days (prolonged reaction time, first relevant
drawback), undergoing a ring-opening (R-O) reaction on the epoxide moiety. The latter afforded
a regioisomeric amino acid mixture in favour of the desired product (r.r. 9:1). Such mixture was
resolved by conversion into the corresponding oxazolidinecarboxylic acids (with phosgene,
second drawback), followed by esterification with isobutene (gas, third drawback), leading to the
corresponding #butyl esters. These were separated by flash chromatography. The desired isomer
was hydrogenated to remove the benzyl protection, affording a primary alcohol, which was
treated with DAST at low temperature (deoxyfluorination reaction). The obtained fluorinated
compound was hydrolysed (HCl 6M), and (25,35)-4F-Thr was obtained after ion-exchange
chromatography.

2. In 1993, Fujisawa ¢t al.'" reported an approach involving enzymatic resolution through lipase-

mediate hydrolysis. Starting from ethyl 4-chloro-3-oxobutyrate, 4F-Thr was obtained in 8 steps
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(hydroxyimination, methylation, reduction, fluorination, acetylation, enzymatic resolution,
reduction, hydrolysis). The main drawback of this approach is the need for enzymatic resolution
of the acetylated compound 2.

In 1997, O’Hagan e al."" developed a synthetic approach through Seebach’s imidazolidinone
methodology for the synthesis of a-amino-@-hydroxy acids. 4F-Thr was obtained in only 3 steps
(acylation, reduction, hydrolysis). Fluorine is already incorporated in the acylating reagent, i.e.
fluoroacetyl chloride, obtained by treatment of fluoroacetic acid with thionyl chloride. The main
drawback of this approach is the use of fluoroacetyl chloride for the acylation of 3. This highly
toxic chemical must be handled with extreme care.

In 2007, Griengl ez al'® reported an enzymatic approach for the synthesis of 4F-Thr. The enzyme
I -threonine aldolase was able to catalyse the formation of 4F-Thr starting from
fluoroacetaldehyde and glycine, in the presence of pyridoxal phosphate (PLP). The use of a non-
commercial enzyme represents the main drawback of this strategy. Furthermore,
fluoroacetaldehyde is not commercial, and it is usually prepared by oxidation of fluoroethanol.
In 2014, Doyle e¢# al'” reported a R-O reaction leading to vicinal fluoroalcohols starting from
epoxides. In particular, starting from the epoxide of protected vinylglycine 4, protected 4F-Thr 5
could be obtained. This approach requires a non-commercial dimeric (linked-Salen)cobalt
catalyst, and benzoyl fluoride as the fluoride source. The synthesis of the cobalt catalyst — having

110

a molecular weight of more than 1000 Da —is very long and tedious, ™ thus representing the main

drawback of this approach.

All the above-mentioned papers reported different approaches for the enantioenriched synthesis of 4F-

Thr. Recently, some members of the research group of Stereoselective Metal Catalysis and Photoredox

Catalysis, led by Cozzi and Gualandi, have explored several synthetic approaches, trying to avoid the

main drawbacks of the above-mentioned literature approaches.

3.3.1. First attempts for the synthesis of enantioenriched 4F-Thr

First attempts were based on chiral pool approaches starting from commercial amino acids

(Scheme 3.2). Such strategies had either an excessively high number of steps, or low-yield and/or

unselective steps. In some cases, the pivotal fluorination step did not to occur at all, thus compromising

the respective synthetic strategy as a whole.
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Scheme 3.2: Possible amino acid precursors for chiral pool approaches to 4F-Thr.

First, threonine methyl ester 8 was used as such for a direct photocatalytic electrophilic fluorination
methodology reported by Harperin ef a/. in 2015.""! This C—H activation protocol relies on a hydrogen
atom transfer (HAT) step promoted by the excited state of the inorganic photosensitizer, i.e. sodium
decatungstate (NaDT). The obtained C-centred radical is then fluorinated by NFSI. Albeit this protocol
is suited for the fluorination of branched amino acids, such as valine methyl ester 6, 8 was unreactive
(Scheme 3.3A). Indeed, C-centred radicals in primary positions are very hard to generate. Furthermore,
the presence of the hydroxyl group may be detrimental, since it can favour undesired side reactions.
Further studies using different protecting groups were also performed. When protected as carbamate
(simultaneous protection of hydroxyl and amino groups), the cyclic threonine derivative 10 was

unreactive, even using slightly different reaction conditions (Scheme 3.3B).'”

When protected as
phthalimide,'” the threonine derivative 14 was subjected to the photocatalytic conditions reported by
Hamashima ¢ al,""* for the phthalimide-promoted fluorination of aliphatic C—H bonds, using
Selectfluor® as the fluorinating agent. Even in this case, although such protocol is suited for the
electrophilic fluorination of several phthalimide-protected nonpolar amino acids (such as valine

derivative 12), that was not the case for threonine, whose derivative was found unreactive, probably

because of the presence of the free hydroxyl group (Scheme 3.3C).
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A Na;W1003,
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Scheme 3.3: Photocatalytic electrophilic fluorination tests. (A) Fluorination of valine and threonine derivatives (6 and 8, respectively) with
NFSI. (B) Synthesis of threonine derivative 10 and successive fluorination with NFSI. Even other four different reaction conditions resulted
ineffective: (i) no water; (ii) tetrabutylammonium decatungstate (TBADT) instead of NaD'T; (iii) TBADT instead of NaDT, without water;
(iv) TBADT instead of NaDT, NaHCOj as additive. (C) Phthalimide-promoted fluorination of valine and threonine derivatives (12 and 14,
respectively) with Selectfluor®. 12 was synthetized from L-valine in two steps (1. L-valine + phthalic anhydride, neat, 140 °C, 72%; 2. SOCl,
MeOH, 51%), while 14 was synthetized from 8 (phthalic anhydride, Et;N, toluene, 10%).

Based on these unsatisfactory results, electrophilic fluorination methodologies were abandoned, in favour
of nucleophilic ones. First, compound 10 was subjected to nucleophilic fluorination protocol via C—H
activation, using the system AgF/TBAF as the fluorinating agent, and SalenMnCl as the metal catalyst.'”
This strategy resulted unsuccessful for the fluorination of the primary position of threonine
oxazolidinone derivative. Indeed, this system can promote the fluorination of sufficiently activated C—H

bonds, such as benzylic ones (Scheme 3.4).

o]
o4 SalenMnClI o
/k/NH AgF/TBAF-3H,0 F\/k/NH
: PhlO :
10 COOMe CH3CN, 50 °C 11 COOMe

Scheme 3.4: SalenMnCl-catalysed nucleophilic fluorination test using 10 as starting material.

Nucleophilic fluorination protocols via epoxide R-O reaction were then studied, based on a reported

116

methodology for the synthesis of fluorohydrins.”® In particular, the N-Cbz-protected epoxide of

vinylglycine methyl ester 4 — obtained in few steps starting from the commercially available I -methionine

— was chosen as suitable starting material for R-O reactions (Scheme 3.5).'"
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(0]
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16 NH,CI 17  NHCbz 18  NHCbz 19 NHCbz 4  NHCbz

Scheme 3.5: Synthesis of N-Cbz-protected epoxide of vinylglycine methyl ester 4 starting from I-methionine methyl ester hydrochloride
16. (i) CbzCl, K»COs, EtOH/H,0, 98%. (ii) NalO4, MeOH/H,O, 99%. (iii) Elimination by Kugelrohr distillation (240 °C, 6-10~1 mbat),
70%. (iv) MCPBA, CH2Cl,, 20h, 37% (70% conv.), single diastereoisomer.

Several strategies for the direct addition of fluoride were explored. First, CsF was used as fluoride
source,'™® but no R-O reaction was observed using either Zr#-amyl alcohol (TAA) or trifluoroethanol
(TFE) as reaction solvent (Scheme 3.6, top). Treatment with aqueous HBF, led to hydrolysis of the
methyl ester, together with the formation of the vicinal diol, via epoxide R-O reaction by water, with the
formation of compound 20 as the main product (Scheme 3.6, bottom). These observations do not
contrast with other literature data reporting HBF, as suited fluorinating agent for epoxide R-O reactions.

Indeed, in those cases HBF, was used as etherate complex in anhydrous conditions.'"

OH
COOMe CsF COOMe
4 NHCbz Solvent ¢ Nhop, S
OH OH
COOMe HBF, (aq. 40%) COOMe COOH
+
4 NHCbz TFE/H,0 F NHCbz OH NHobz 20

5, not observed

Scheme 3.6: Epoxide R-O reaction tests on 4, with different fluoride sources. Tested CsF-based conditions: (i) in TAA, 90 °C, 2.5h; (ii) in
TFE, r.t., 2.5h.

As a last resort, nucleophilic deoxyfluorination approaches were studied. The main idea was to merge the
last part of the synthetic approach of Scolastico, with particular reference to the use of DAST as

' with the well-known chemistry of epoxides, using suitably protected epoxides

deoxyfluorinating agent,
of vinylglycine as useful starting materials.'” In patticular, shrewd choices of oxygen nucleophiles can
enable useful R-O reactions onto such epoxides. If the nucleophilic attack occurs at the less hindered
carbon, the epoxydic oxygen will evolve (upon protonation) to that of the hydroxylic group of 4F-Thr,
while the terminal one will be subjected to deoxyfluorination (Scheme 3.7). However, these two hydroxyl
groups need to be protected with orthogonal protecting groups, so that the primary one can be selectively
deprotected to undergo deoxyfluorination.

0-PG2 O-PG?

COOMe cooMme Deoxyfluorination COOMe
e >

NH-PG! OH  NH-PG? F NH-PG?
Scheme 3.7: Synthetic strategy starting from protected epoxide of vinylglycine to allow a selective deoxyfluorination step.
Indeed, a good starting point is represented by the oxazolidinone-type primary alcohol 23 obtained upon

hydrogenation of 22 in the synthetic approach reported by Scolastico. Hence, the most straightforward

way to connect 22 and the protected epoxide of vinylglycine is the epoxide R-O reaction performed with
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benzyl alcohol, followed by deprotection of the amino group to give the amino alcohol 21, right away

reprotected in the form of oxazolidinone 22 (Scheme 3.8).

o o
0 il o o~ o~

Benzyl alcohol i - \/k/NH \/k/NH
\>\rcoom/|e y Ph \/ov'\rcoowle [ tho\)\‘/COOMe i Ph._oO . i HO
21 NH,

NH-PG' R-O reaction NH-PG! 22 COOMe 23 COOMe

Scheme 3.8: Synthetic strategy to connect protected epoxide of vinylglycine and compound 23: (i) deprotection conditions depending on
the nature of PGY; (ii) triphosgene, specific conditions depending on the previous step; (iif) Hz, Pd/C, MecOH.

With this choice, however, the amine-protecting Cbz group must be replaced, since its deprotection is
not orthogonal with the deprotection of the benzyl ether moiety obtained after the epoxide R-O reaction.
The Boc protection is the best choice, but it cannot be used since the beginning (i.e. in the form of -
Boc-methionine), since the elimination step (analogous to the third step of Scheme 3.5) required for the
synthesis of Boc-protected vinylglycine proceeds very low yields, due to parasite reactions. Therefore,

the protecting group was changed after the epoxidation step (Scheme 3.9).

OH
[e)

COOMe Boc,0, Hy, Pd/C CooMe COOMe
4 NHCbz MeOH 24 NHBoc 25  NHBoc
62% yield

Scheme 3.9: Protecting group exchange from Cbz to Boc.

Unfortunately, Boc-threonine 25 (diastereoisomeric mixture) was obtained as by-product. Compound 24
was successfully subjected to a nucleophilic R-O reaction with freshly distilled benzyl alcohol, employing
boron trifluoride etherate as Lewis-acidic catalyst, according to previous literature studies.”” The
formation of the oxazolidinone from 26 was achieved through two steps, performed in a one-pot fashion:
Boc deprotection with trifluoroacetic acid (affording the amino alcohol 21, not isolated), followed by the
treatment with triphosgene. 22 was obtained in low yield, probably because of the adopted biphasic
conditions. The problem may be solved using exclusively anhydrous conditions for the second step.
However, despite the benzyl deprotection proceeded almost quantitatively (Scheme 3.10), the successive

deoxyfluorination step resulted very challenging.

(0] (o]
on ot o4
COOMe Benzyl alcohol Ph\/O COOMe 1. TFA, CH20|2 Ph\/O\/K/NH H2, Pd/C HO\/K./NH
24 NHBoc  BF3OEty, CH,Cl,  26,83%  NHBoc 2. Triphosgene 22,12%  GooMe MeOH 23, 92% GooMe
NaHCO3
CH,Cly/H,0

Scheme 3.10: Synthetic approach from epoxide 24 to compound 23.

In an attempt to avoid the use of DAST, different fluorination conditions (CsF/ICH,CH.I/PPhs) were
tested,'” but substrate 23 was unreactive in these conditions (Scheme 3.11, left-hand reaction). Hence,

the DAST protocol of Scolastico was performed. The conversion was complete after less than 3 hours,
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but only a very small amount of the fluorinated product 11 was recovered by flash chromatography

(Scheme 3.11, right-hand reaction).

o (0] (o]
0’4 O’( o’/<
HO\/k/NH CsF, ICH,CH,l, PPhg F\/k/NH DAST HO\/k/NH
23 Goome DMF, 120 °C 1 GooMe CH,Clp, -78 °C 23 Goome

Scheme 3.11: Nucleophilic fluorination tests for the synthesis of 11 starting from 23. With the DAST-based fluorination protocol reported
by Scolastico (right-hand reaction), 11 was obtained in low yield (less than 10%).

Indeed, according to spectroscopic data, extended decomposition was observed. This difference with
respect to the observations of Scolastico may be due to the different protection of the carboxyl group: ~
butyl ester may be much more efficient than methyl ester in hampering undesired decomposition
pathways, due to its higher steric hinderance. The change of carboxyl protecting group without undesired
racemization pathways is not possible at this synthetic stage. Before starting the whole synthesis with

different protections, other strategies were studied.

A completely different approach, involving a monofluoromethylation step, was studied. In particular, D-
serine 27 was studied as commercially available starting material for this chiral pool approach (the need
of D-serine instead of I-serine will be clarified later). The key compound of this synthetic strategy is the
well-known Garner’s aldehyde 30." This compound can be obtained in few steps starting from serine

(Scheme 3.12), and has be used as a versatile intermediate in many chiral pool syntheses."**

NH, - NHBoc #\NBOC ) WL*NBOC BOCN%
i, ii iii iv, v R

HO\/'\ . _» HO —» © ~ » O = o
COOH COOMe COOMe CcHO oHeT

27 28 29 30

Scheme 3.12: Literature synthesis of Garner's aldehyde 30: (i) acetyl chlotide, MeOH; (ii) Boc,O, EN, THF; (iii) 2,2-dimethoxypropane,
BF;-OEt,, acetone; (iv) LiAlH,, THF; (v) DMSO, (COCI),, i-Pro2NEt, CH,Cly. A different spatial orientation of 30, useful for the
forthcoming discussion, is also reported.

Compound 30 was chosen as the substrate for the monofluoromethylation step. In particular, an exotic
lithium fluorocarbenoid (namely LiCHLF, generated is situ from commercially available

fluoroiodomethane)'*

compound 30 (Scheme 3.13).#!

1) ICH,F, -78 °C
BooN 2) MeLi-LiBr, -78 °C BocN BocN BocN

X .
oHe THF/Et,0 YT W
30 -78 °C, 5 min. OH 31 32 OH 33

was tested as monofluoromethylating reagent for the nucleophilic addition to

Scheme 3.13: Monofluoromethylation of 30 with LiCH,F. The latter is obtained in situ after the addition of MeLi-LiBr complex (from,
ICH2F, upon iodine-lithium exchange).

¥ The research group of Prof. R. Luisi (Department of Pharmacy — Drug Sciences, University of Bari “A. Moro”) is fully
acknowledged for the tests with LICH,F.
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Unfortunately, a mixture of 31, 32, and 33 (both diastereoisomers for each compound) was obtained.
The formation of 32 is due to the partial carbenoid behaviour of LiCH,F: elimination of LiF results in
the formation of the highly reactive carbene :CHa, followed by its direct insertion into the C=0O bond.
The formation of 33 is ascribable to the direct addition of MeLi. The extreme reactivity of this
monofluoromethylating system, even at very low temperatures, is responsible for its low selectivity.
Hence, even this approach was abandoned. However, for the sake of completeness, a brief account of
the whole synthetic strategy, leading to 4F-Thr, is reported in Scheme 3.14, also to justify the choice of

D-serine as commercial starting material.

BocN "’P

F/\/\/O

oH 31
Synthetic equivalent

OH OH OH
COOH
A = e = 0y
F NH, F NH, F ij/\
34 35 35

Bocy% ) Boc[\l’% . NHBoc )
N I N o} n - i v

0 > - ~_OH - » 2
PN N FNT F>N"coon FN"coon
OH 31 0-PG 0-PG 0-PG OH 34

NH,

NHBoc

Scheme 3.14: Retrosynthetic analysis from 4F-Thr 34 to compound 31 (top), and relative synthetic strategy (bottom). Steps: (i) protection,
(ii) deprotection, (iii) oxidation, (iv) complete deprotection.

3.3.2. Diastereoselective synthesis of racemic 4F-Thr

The many difficulties encountered in the development of a high-yielding stereoselective synthesis
of 4F-Thr pushed us to focus our attention on a diastereoselective variant. Indeed, such approach should
enable the synthesis of enough racemic 4F-Thr to measure its acid-base properties and its rotational
spectrum. In particular, the measurement of the latter, even exploiting state-of-the-art laser ablation

techniques, requires at least 500-600 mg samples.'*

The unsuccessful efforts of Section 3.3.1, however,
paved the way for the development of a new and unprecedented approach. The simultaneous protection
of the amino alcohol 21 (see Scheme 3.8) in the form of oxazolidinone 22 served as a cue for other
synthetic strategies involving useful cyclic compounds, possibly obtained from simple available
precursors, and with the desired relative configurations of their stereocentres. Based on these grounds, a
new diastereoselective synthesis of racemic 4F-Thr was developed. The racemic but diastereomerically

pure key compound (an oxazoline) was obtained by a copper-mediated cycloaddition, starting from

commercially available precursors. The retrosynthetic analysis is reported in Scheme 3.15.

39
OH 0\ 0\ 0\ Ph.__O.__CHO
\ \ \ ~O
N N N
Kk‘/COOH — F\/K;/ — Ho\/kl/ — Ph\/O\/KL/ — .
F  NH, COOEt COOEt COOEt E100c” NG
rac-34 rac-36 rac-37 rac-38 40

Scheme 3.15: Retrosynthetic analysis for the diastereoselective approach to racemic 4F-Thr.
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Recently, the formal [3+2] cycloaddition of a-isocyanoesters with carbonyl compounds has been

investigated as a powerful methodology for the synthesis of chiral substituted 2-oxazolines bearing two

adjacent stereocentres: both metal catalysis — involving transition metals such as gold,” silver,'**"

133-135 134,136 7 138 139-141

platinum, palladium, copper,”’ and cobalt'™ — and organocatalysis were employed to
perform this appealing transformation. In particular, the synthesis of DI -threonine, through the addition
of a-isocyanoacetamides to acetaldehyde as a key step, was reported.'” A pioneering work by Saegusa ez
al. reported the catalytic use of copper(l) oxide in the addition of isocyanoesters to aldehydes.'” The
copper-mediated cycloaddition was further evaluated for diastereoselective reactions.'** Noteworthily,
aliphatic aldehydes proved to be well-tolerated substates, affording #ans-oxazolines using simple Cu(I)
catalysts. More specifically, the conditions reported by Kirchner e# a/'* resulted the best suited for the
[3+2] cycloaddition between commercially available or simply prepared benzyloxyacetaldehyde 39 and

ethyl isocyanoacetate 40 (Scheme 3.10).

39 0o
Bno. _GHo  CuCl (5 mol %) #\\N OH
~ PPhg (5 mol %) - NHCHO
+ B — e Z + 7
_~__ DIPEA(10mol%) OB COoH OHBn GOOE
EtOOC NC DCM, 0 °C to r.t. rac-38 M
40 77%, d.r. > 99% rac-

Scheme 3.16: [3+2] cycloaddition between 39 and 40 to give oxazoline rac-38.

According to 'H-NMR analysis of the crude mixture, the #ans diastereoisomer was obtained as single
racemic product (d.r. > 99%). Unfortunately, the oxazoline cannot be used as an effective protective
group, since it is very prone to hydrolysis. Indeed, the presence of opened formamide amino alcohol by-
product rac-41 was observed, in variable quantities from batch to batch, and even when no traces of rac-
41 were detected after flash chromatography, air moisture was sufficient to promote the hydrolysis of
pure compound rac-38. However, even batches with high percentages of rac-41 can be used: any mixture
of rac-38 and rac-41 can be hydrolysed with methanolic HCI and then treated with triphosgene to afford
the protected oxazolidinone rac-42 in good yield (Scheme 3.17), thus linking this approach with the one

reported by Scolastico. Quantitative debenzylation led to compound rac-43.

o o}
0\ OH i) 3M HCI in MeOH o~</ H,, Pd/C, 10 wt. % load. o%
N NHCHO 0°Ctort. NH cat. (10 m/m %), EtOH NH
Z + N
OBn COOEt OBn COOEt ii) TEA (3 eq.) triphosgene R H
20.38 oA DCM. 0°C to rt, OBn  COOEt OH  COOEt
rac-42, 62% rac-43, quant.

Scheme 3.17: Synthesis of oxazolidinone rac-42, followed by debenzylation to give rac-43.

Before proceeding with the literature deoxyfluorination conditions reported by Scolastico, several other
conditions/reagents were tested, but all attempts, also employing the modern variants of fluorinating
agents, gave either extensive decompositions or complex mixtures of products, and in some cases, no

reaction was observed at all. Hence, DAST-based conditions were tested. Unfortunately, the protocol
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was sensitive to scale up. Its yields were similar or, only in a few cases, slightly better (57%) than those
reported by Scolastico. Reaction parameters were accurately studied, and even the quenching conditions
proved to be relevant to improve the outcome of the reaction. The best compromise between scale up
and satisfactory yield was achieved with 350 mg of starting oxazolidinone rac-43, leading to the
fluorinated derivative rac-44 with 32% yield (Scheme 3.18).

O

(0]
°“</ DAST (2 eq.) °’</
NH NH

_—
H -78°Ct0 0 °C .
OH COOEt DCM F COOEt
rac-43 rac-44, 32%

Scheme 3.18: Deoxyfluorination step for the synthesis of rac-44.

Racemic 4F-Thr was obtained from rac-44 in two steps (Scheme 3.19): (i) total deprotection via hydrolysis
with aqueous 6M HCI, leading to 4F-Thr hydrochloride, followed by (ii) treatment with an excess of

propylene oxide,**'**

to obtain the neutral form of the amino acid rac-34 without the use of ion exchange
resins. The spectroscopically pure amino acid was isolated upon decantation, with few washings with

MeOH, and vacuum-dried as impalpable white powder.

o]
OH OH
04 i) HCI ag. 6M, reflux (k‘/COOH H\rcog
NH ‘m
(k;/ ii) propylene oxide (10 eq.) ¢ NH, F NHq
F  COOEt MeOH, 0 °C to r.t. ®
rac-34, 55%
rac-44

Scheme 3.19: Last two steps in the synthesis of rac-34: (i) hydrolysis and (ii) neutralization.

Neutral 4F-Thr is the preferable starting form to study its behaviour in aqueous media. Indeed, in
aqueous solution, 4F-Thr is expected to be present in its zwitterionic form (also depicted in Scheme
3.19), like all the canonical proteinogenic amino acids. Albeit this synthetic strategy afforded racemic 4F-
Thr, it represented a significant improvement, since it enabled the synthesis of rac-34 in 7 steps, with an
overall yield of 8%. It is worth mentioning that this approach is amenable to a possible enantioselective
version using chiral ligands in the first step, i.e. the copper-mediated [3+2] cycloaddition. Even in the
worst scenario, i.e. no suitable ligands can be found for whatever copper-mediated cycloaddition, other

metals can be tested.

3.3.3. Successful endeavour in the synthesis of enantioenriched 4F-Thr

Noteworthily, despite the remaining difficulties concerning scale up and yield, the afore-
mentioned deoxyfluorination proved the importance of the carboxyl protecting group. Scolastico
deoxyfluorinated the #butyl ester derivative with a 53% yield, the ethyl ester rac-43 was deoxyfluorinated
with a 32% yield, while the methyl ester 23, in the same conditions, was proved to mainly undergo

decomposition pathways, with less than 10% yield of 11. Therefore, the whole chiral pool strategy starting
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from I-methionine was studied using different protecting groups. Regarding the protection of the amino
group, both Cbz and Boc were proved to be unsuited for this approach. Hence, Fmoc protection was
studied, while the carboxyl group was protected as ethyl ester. I-Fmoc-methionine 45, commonly used

in peptide synthesis,"*’ was used as commercially available starting material (Scheme 3.20).

i

/S COOH | /S COOEt [l /S COOEt

45 NHFmoc 46 NHFmoc 47 NHFmoc

Scheme 3.20: Synthesis of Fmoc-methionine sulfoxide ethyl ester 47 starting from Fmoc-L-methionine 45: (i) SOCl,, EtOH, quantitative;
(ii) NalO4, EtOH/H,0, 91%.

The synthesis of Fmoc-vinylglycine ethyl ester 48, occurring from 47 via a pericyclic syz elimination (E;

mechanism) involving a 5-membered transition state,"

required a detailed study of the available
literature.”™> According to a literature procedure optimized for the methyl ester analogue,™ 2,4-
dichlorotoluene (b.p. 200 °C) proved to be the best suited solvent for this transformation. This choice
represented a compromise. Indeed, solvents with lower boiling points — such as chlorobenzene (b.p. 132
°C), xylenes (b.p. 138 °C) and o-dichlorobenzene (b.p. 180 °C) — are easier to remove at the end of the
reaction. However, the lower the reaction temperature (with the solvent boiling point representing the
upper limit), the longer the reaction times and the higher the chances of undesired parasite reactions, e.g.
double bond isomerization. In particular, moving from xylenes to 2,4-dichlorotoluene, the reaction time
was reduced from 9 days to about 12 hours, and the amount of isomerized by-products was reduced
from more than 20% to hardly detectable traces. Moreover, a rather simple procedure enabled the
removal of 2,4-dichlorotoluene at relatively low temperatures (less than 50 °C)."”” Compound 48 was

156

epoxidated using MCPBA, according to a literature procedure (Scheme 3.21).

o]

. . (@)
S COOEt 1 COOEt 1 COOEt
- I = —_—

47 NHFmoc 48 NHFmoc 49 NHFmoc

Scheme 3.21: Synthesis of epoxide 49: (i) 2,4-dichlorotoluene, 190 °C, 72%; (i) MCPBA, CH2Clz, 0 °C to t.t., 68%, d.tr. > 99%.

The epoxide R-O reaction was performed using benzyl alcohol, with the same procedure reported in
Scheme 3.10. Fmoc deprotection was performed according to the standard protocol involving the use of

157

piperidine (Scheme 3.22).

OH OH

o) . ;
p\rcooa i BnO\/H/COOEt i Bno\)\rCOOEt
E— —_—

49 NHFmoc 50 NHFmoc 51 NH,

Scheme 3.22: Synthesis of the amino alcohol 51: (i) benzyl alcohol, BF3-OEt,, CH2Cly, 57%; (i) pipetidine in DMF (10% v/v), 78%.

All the subsequent steps were performed similarly to those reported for the methyl ester derivative

(Scheme 3.23).
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o o o
OH o—/( o——/( o——/( OH
B”OJ\‘/COOB i BnO\/k/NH i HO\/k/NH i F\/k/NH v, v FVH/COOH
e B B B

51  NH, 42 COOEt 43 COOEt 44  COOEt 34 NH,

Scheme 3.23: Last steps of the synthesis of 34: (i) triphosgene, EtsN, CH2Cly, quant.; (i) Hz, Pd/C 10 wt. % load. (10% m/m), EtOH,
quant.; (iify DAST, =78 °C to 0 °C, 43%; (iv) 6M HC, reflux; then (v) propylene oxide, MeOH, 72% (ovet two steps).

This synthetic approach represented a noteworthy breakthrough with respect to the previously reported
total syntheses of enantioenriched 4F-Thr. Indeed, compound 34 was obtained in 11 steps from
commercially available Fmoc-I-methionine 45, with an overall yield of 6%. The enantioenriched 4F-Thr

158,159

sample will be used for VCD and ROA measurements, and the results will be reported in due time.

3.3.4. Conformational analysis ¥

As already mentioned, the conformational space of 4F-Thr was explored using a “flat”
computational approach, meaning that the relevant structures must lie within 25 kJ mol™" with respect to
the lowest energy minimum (LEM). All the structures fulfilling such constraint were optimized at a high
level of theory, also taking into account bulk solvent effects (by means of the polarizable continuum
model, PCM). Similarly to what is observed for canonical proteinogenic amino acids, 4F-Thr undergoes
multiple acid-base equilibria in aqueous media, hence all the three main amino acid forms — i.e. cationic,
zwitterionic, and anionic — were analysed from the conformational point of view. For each form, the
conformational analysis was performed using a recently proposed island model evolutionary algorithm,'®
coupled with a two-stage method to evaluate structures.'” The computational details are reported in
Section 3.5.4. In an aqueous solution at neutral pH values, the zwitterionic form is more stable than the
corresponding neutral form (see Scheme 3.19).'” In particular, each amino acid is characterized by a
specific pH value, namely the isoelectric point (pl), at which the amino acid is electrically neutral: the
most common species is the zwitterion, while the few positively-charged molecules are statistically
counterbalanced by the same number of negatively-charged species. Starting from the pl, the zwitterion
can undergo either protonation of the negatively-charged carboxylate moiety or deprotonation of the
positively-charged ammonium one, by lowering or rising the pH value, respectively. The most prominent
low-lying conformers of the three possible protonation states are depicted in Figure 3.6. The transition

states ruling the most relevant conformational interconversions are also reported.

T Prof. V. Barone, Prof. C. Puzzarini, Dr. L. Spada, Dr. M. Fus¢, and Dr. G. Mancini are fully acknowledged for the
computational analysis concerning Thr and 4F-Thr.
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Figure 3.6: Low-lying conformers for the anionic (red), zwitterionic (green) and cation (blue) forms of 4F-Thr. The transition states ruling
their interconversion are also shown. For each form, all the considered stationary points are within 32 kJ mol~! with respect to the respective
LEM. The orange dashed lines identify the best conjugate acid-base pairs in terms of conformational similarities: the closest resembling
structures moving from anion to zwitterion (red-green match), and the closest resembling ones moving from zwitterion to cation (green-
blue match). From Ref. 104 (CC BY-NC-ND 4.0).

As far as the cation is concerned (Figure 3.7, top), its lowest energy minimum (4F-Thr-C-1) is stabilized
by a strong interaction between the charged NH;" group and three electronegative atoms, i.e. the non-
protonated carboxyl oxygen, the hydroxyl oxygen, and the fluorine atom (N—H---O=C, N—-H---O—H,
and N—H-"F: 2.18, 2.12, and 2.27 A, respectively). In a second conformer (4F-Thr-C-2), the fluorine
atom engages a less stabilizing interaction with the hydroxyl hydrogen (N—H---O=C, N—H---O—H, and
O—H--"F: 2.06, 2.10, and 2.40 A, respectively). The interconversion between the two conformers
involves the rotation of the monofluoromethyl group (together with a minimal rotation of the hydroxyl
group), with the transition state lying about 25 k] mol™" above the LEM. A similar behaviour is observed

for the zwitterion (Figure 3.7, bottom).

24 A
4F-Thr-C-1 4F-Thr-C-2

4F-Thr-Z-1 4F-Thr-Z-2

Figure 3.7: Ball-and-stick structures of cationic (top) and zwitterionic (bottom) conformers.
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Indeed, zwitterionic and cationic LEMs differ only for the F-unbound carboxylic oxygen, which is
protonated in the cationic species: deprotonation of the carboxylic group occurs without significant
conformational rearrangements. The formation of the anion involves the deprotonation of the F-bound
ammonium group, hence resulting more complicated in terms of conformational rearrangements: anionic
LEM does not show any close resemblance with its zwitterionic counterpart. To understand such strong
differences upon deprotonation, the nature of the described interactions needs to be highlighted. Indeed,
all the described interactions resemble hydrogen bonds, and are hence ruled by the electronegativities of
the involved atoms. Intuitively, protonated sp’ nitrogen atoms can be considered as more electronegative
than the unprotonated ones. In terms of hydrogen bond ability, protonated sp’ nitrogen atoms are better

19715 In the case of 4F-Thr, when the charged nitrogen

hydrogen bond donors than unprotonated ones.
atom becomes neutral upon deprotonation, its hydrogen bond donor ability shrinks, and the higher
electronegativity of oxygen with respect to nitrogen leads to a strong hydrogen bond of a carboxylate
oxygen with the alcoholic proton (C=0-+H—-0, 1.70 A). Therefore, in the case of the anionic LEM (4F-
Thr-A-1), the hydroxyl group is no more hydrogen-bonded to the amine one. The latter is hydrogen-
bonded to the other carboxylate oxygen (C=0O---H—N, 2.12 A). Therefore, the best conformational

match between the zwitterion and the anion involves non-LEM conformers, i.e. 4F-Thr-Z-2 and 4F-

Thr-A-4 (Figure 3.8).

212 A

4F-Thr-Z-2 4F-Thr-A-4 4F-Thr-A-1

Figure 3.8: Best zwitterion-anion conformational match, represented as an acid-base equilibrium (left-hand side). The anionic LEM is
depicted on the right.

Whenever the conformers with the best conformational match are non-LEM species, the possible
interconversion paths leading to the respective LEMs must be found. As far as the anion is concerned,
4F-Thr-A-4 and 4F-Thr-A-3 are separated by an almost negligible energy batrier (about 1.5 k] mol™).
The interconversion mainly involves the rotation of the hydroxyl group, together with minimal rotations
of both carboxylate and monofluoromethyl group. A higher barrier connects 4F-Thr-A-4 and 4F-Thr-
A-2 (about 7.5 k] mol™): the interconversion involves the rotation of both hydroxyl and amine groups,
together with a significant change of the HON—CH—-CH—OH dihedral angle. The barrier between 4F-
Thr-A-3 and 4F-Thr-A-2 is even higher (nearly 15 k] mol™): the interconversion can be described as a
hybrid path of the previous two. Eventually, chemical intuition enabled the localization of a direct path
connecting 4F-Thr-A-2 to the anionic LEM (Figure 3.9), but the barrier was remarkably high (~31 k]
mol ).
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1.71 A

4F-Thr-A-3
Figure 3.9: Ball-and-stick structures of main anionic conformers. The structural relationships are reported as conformational equilibria.

The interconversion is indeed very tricky: it can be envisioned as a rotation of the hydroxyl group coupled
with a marked change of the HON—CH—CH—OH dihedral angle. This allows the hydroxyl hydrogen to
“slide” from the electron density of the amine group, along the delocalized m-cloud of the carboxylate
group, to that of the farthest-from-nitrogen carboxylate oxygen. Moreover, a rotation of the

monofluoromethyl group enables a weak interaction between the fluorine atom and the delocalized

carboxylate m-cloud.

3.3.5. Acid-base titrations

From the experimental point of view, the effect of fluorine can be evaluated by means of
comparative titration studies involving 4F-Thr and Thr. The simplest comparison to be performed with
titration laboratory data is that between acid dissociation constants (namely pKa), to evaluate how their
values are influenced by the presence of fluorine.'*" Indeed, fluorine is the most electronegative element
and its inclusion in a molecule has a very strong effect on the acidity or basicity of proximal functional

19671 This is particularly evident for amphoteric

groups (increasing the former and reducing the latter).
molecules such as amino acids. The fluoro-L-alanine series represents a noteworthy example (Table
3.1)."" Interestingly, almost no difference is observed moving from patent non-fluorinated I_-alanine to

"I Nevertheless, for other amino acids, simple monofluorination causes acid

3-fluoro-I -alanine.
dissociation constants to undergo non-negligible shifts, which are particularly evident for the amino
group: in the case of L-proline, pKa, shrinks from 10.8 of parent amino acid, to 9.2 of (4K)-fluoro-L-
proline, down to 7.15 of 4,4-difluoro-L-proline (Table 3.2).** Such differences highlight the importance

of the whole molecular structure in the determination of the effects of fluorine insertion.
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Table 3.1: Acid dissociation constants for the Table 3.2: Acid dissociation constants for
fluoroalanine series (from Refs. 170, 171). the fluoroproline series (from Ref. 34).
pKa1 pKaz pKaz
HaC.__COOH
T 2.35 9.87 QCOOH 10.8
2

FH,C COOH

T 2.4 9.8 { N 9.2

F,HC COOH Fu,)
T 1.5 8.4 b\ 7.15
NH, COOH

F;C COOH

1.2 53

Concerning the comparison between Thr and 4F-Thr, their titration curves were recorded three times
under the same conditions to allow the calculation of mean values and confidence intervals for the acid
dissociation constants (pKai, pKay) and the isoelectric point (pI). First, pKa, was determined as the pH
value corresponding to the second half-equivalence point, which coincides with a local maximum of the
first derivative of the inverted titration curve. Next, pKa; was determined with a graphical method,
starting from pKa, and taking advantage of both the narrow volume ranges encompassing equivalence
zones and the narrow pH ranges encompassing buffer zones. The results were also simulated using the
charge balance equation.” The value of pI was then evaluated from the pKa; and pKa, values using the
Henderson-Hasselbalch equation (i.e. mean value between pKa; and pKay). The detailed experimental
procedures and setup are reported in the Experimental Section. To better address the role played by
fluorination in the behaviour of amino acids, due to the many different literature values reported for Thr,
comparative studies were performed considering the experimental and computed differences between
the values for 4F-Thr and Thr rather than their absolute values. A good agreement between theory and

experiment (Table 3.3) was then observed.

From the theoretical point of view, the role of fluorine in ruling the conformational rearrangements
described in Section 3.3.4 can be understood through a comparative study between the conformers of
4F-Thr with the low-lying conformers of the parent non-fluorinated Thr amino acid. Figure 3.10 clearly
shows the one-to-one correspondence between the low-lying conformers of 4F-Thr and Thr, either as
cations or zwitterions. This is not the case for the LEMs of the anionic forms: this observation is

consistent with the particularly significant role of the electronegative fluorine atom in this situation.
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Figure 3.10: Structural correlations between conformers of 4F-Thr and Thr. The top structures were used for the estimation of pKas, while
the bottom ones were used for the estimation of pKaj. From Ref. 104 (CC BY-NC-ND 4.0).

Once the most stable conformers and the possible deprotonation paths of 4F-Thr are known, together
with the related Thr structures, the respective acid dissociation constants can be estimated, then
addressing the differences between 4F-Thr and Thr. Under the same experimental conditions, the

protonation free energies of 4F-Thr are given by:
AGupr = AAGSHS 1 + AGT™ (3.1)

Whete AG,” is the experimental protonation free energy of Thr and the first term on the right-hand side

is evaluated as:
AAGSHSr = (AGEer — AGRer) — (AGE — AGR) (3.2)

This term clearly represents the difference of the computed free energies of the solvated conformers of
4F-Thr and Thr, with D and P denoting the deprotonated and protonated forms, respectively.
Concerning the deprotonation of the carboxyl group (pKai), the reference structures for the calculations
were the cationic and zwitterionic LEMs, for both Thr and 4F-Thr. The deprotonation of the ammonium
group (pKay) was evaluated using the close resembling of the 4F-Thr-Z-2 and 4F-Thr-A-4 conformers.
As already mentioned, the latter almost freely interconverts to its more stable 4F-Thr-A-3 counterpart.
Hence, this form was employed to estimate the AG values. A similar behaviour is observed for Thr, with

a negligible energy barrier separating the Thr-A-4 and Thr-A-3 conformers. In the attempt to take specific
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solvent effects into account, explicit water molecules were included in subsequent computations. Amine
and carboxylic groups were considered as the most important to determine the first-solvation shells of
4F-Thr and Thr in different protonation states. For the sake of consistency, once all the first-solvation
shells were determined, the maximum number of water molecules found for any species was retained for
all of the other ones, ending up with a total of seven water molecules: nearly three close to the
amine/ammonium and four close to the carboxyl/carboxylate moieties. The geometties of the clusters
were then fully optimized also taking into account bulk solvent effects by means of the PCM (Figure

3.11).

4F-Thr-A

4F-Thr-Z 4F-Thr-C

Figure 3.11: 4F-Thr clusters (LEMs) containing the water molecules of the first-solvation shell: anion (left), zwitterion (middle), and cation
(right). From Ref. 104 (CC BY-NC-ND 4.0).

These additional tests proved the seven-water clusters to provide converged results, without significant
modifications with respect to the results obtained for the bare solutes embedded in a polarizable
continuum: albeit slight changes were observed for pKa; and pKay, the isoelectronic point (pI) and the
general trends remained the same. In particular, both deprotonation processes of 4F-Thr are slightly
favoured with respect to Thr, in agreement with the presence of the electron-withdrawing fluorine atom
(Table 3.3). In particular, similarly to what is reported in literature for other amino acids, the acid

dissociation constant of the amino group (pKay) is characterized by a higher variation.

Table 3.3: Experimental acid dissociation constants and isoelectric point of Thr and 4F-Thr together with the corresponding
(computed and experimental) differences. From Ref. 104 (CC BY-NC-ND 4.0).

The (lit)l | Thr (exp.) | 4F-Thr (exp.) A4F-Tht/Thr) | A4F-Thr/Thr) | A(4F-Tht/Thr)
exp.[P] calc.ll calc.ld
pKai 2.20 2.38 = 0.02 2.26 £ 0.09 -0.12£0.11 —0.16 —0.36
pl 5.60 5.75 £ 0.09 5.43 £ 0.04 -0.32£0.13 —0.40 —0.41
pKa; 8.96 91%+0.17 8.61 £ 0.02 —0.49 £0.22 —0.64 —0.46

[a] From Ref. 173. [b] Differences between experimental values of 4F-Thr and Thr. [c] Polarizable continuum model on bare solutes.
[d] Polarizable continuum model on explicit-water clusters (see Figure 3.11).

3.3.6. NMR comparative studies

Finally, NMR spectra of 4F-Thr and Thr (in their zwitterionic form) were recorded under the

same experimental conditions.'” This enabled the evaluation of the effects of fluorine through the
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analysis of the observed differences between the chemical shifts of the two species. As expected, the
electron-withdrawing properties of fluorine cause the 'H and "°C signals of the monofluoromethyl group
to be remarkably shifted towards higher chemical shifts with respect to those of the methyl group in Thr
(Figure 3.12).

"H & 4.60/4.39

20y F=47.0131.8

13, -
2JH,H =10.8/9.51 C 9. 68.4/68.5

2Jcp=19.1/16.9
13C & 66.5/66.9 §" =001 W 435148
: 66. . H & 4.72/4.37 o '
1 Y
H o.4.24/4.57 N 13C ; 173.41167.7 2y, = 46.6/31.9 i / 1°C 0 172.5/166.9

COO- 3un=37/431 H COO-

H,C 7
) 13 .
13C & 20.117.5 N 13C & 61.0/59.9 :SC 5. 85.6/84.8 3JC 5-_5?;3//254;.6
Sy SRR forzeranese F NH.* 1HC§Z_38.7/3.3
3= + 3y, =492 : 3.87/3.
JhH=6.6/5.1 NHg*  SJyp=4.912.0 S on?

19F §: -232/-238
2Jpy=46.8/31.9
3Upp=24.917.7

Figure 3.12: Experimental (red values) and simulated (blue values) chemical shifts (5 in ppm) and coupling constants (J in Hz) of the
zwittetionic form of Thr (left) and 4F-Thr (right) in D,O. Simulated values were computed at the B3/jul-cc-pVDZ (spin-spin) level. Ref.
104 (CC BY-NC-ND 4.0).

Moving away from the monofluoromethyl group, the electron-withdrawing effects decrease, and the
chemical shifts of 4F-Thr and Thr get closer to each other. In particular, in the case of 'H signals, the
chemical shifts of 4F-Thr are systematically higher than those of Thr. Interestingly, this is not the case
for °C signals. As expected, the signals from exchangeable protons (i.e. belonging to hydroxyl and
ammonium groups) were not identified. For 4F-Thr, indirect spin-spin coupling constants lie within the

5> the chemical shifts of the

typical range for the C—F interaction. From a computational point of view,
low-lying conformations of both molecules are in good agreement with the experimental counterparts
(see values in Figure 3.12), thus confirming both the reliability of the conformational search and the

inductive nature of the fluorine effect on the active nuclei.

34. Conclusions

Both diastereoselective and enantioselective synthetic strategies to obtain sufficient amounts of
4F-Thr (racemic and enantioenriched, respectively) have been explored. Eventually, two novel routes
enabled the synthesis of the only natural fluorinated amino acid: a diastereoselective approach based on
a key copper-mediated cycloaddition, and a chiral pool approach starting from commercially available I
Fmoc-methionine. Furthermore, an integrated experiment-theory approach for the characterization of
4F-Thr has been reported. The racemic sample of 4F-Thr was employed in acid-base titration
experiments to determine the acid dissociation constants and the isoelectric point. In parallel, a

comprehensive quantum-chemical investigation at the state of the art shed light on the conformational
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behaviours of the cationic, zwitterionic, and anionic forms of 4F-Thr as well as the relationships between
them and with the most stable conformers of the parent Thr amino acid. Moreover, the quantum-
chemical study led to acid dissociation constants in good agreement with the experimentally-derived ones.
The computational analysis of this flexible system has been exploited combining machine learning
techniques with a two-stage approach to evaluate geometries and energetics. Further accurate titration
studies, using a recently published Microsoft Excel workbook, are highly recommended.'”

At the same time, the effectiveness of the new synthetic approach allowed us to obtain remarkable
quantities of 4F-Thr, thus paving the route toward further spectroscopic investigations. In particular, the
enantioenriched sample will be used for VCD and ROA experiments, aiming to give an even clearer
picture of the role of fluorine in determining molecular properties. Moreover, further interesting results
are expected to be obtained with the ongoing gas-phase experiments. In a more general perspective, the
reported strategies offer interesting clues for the study of other systems of biological and/or medicinal

relevance.

3.5. Experimental/computational section

Unless otherwise stated, common chemicals and solvents (HPLC grade or reagent grade) were
purchased from commercial sources and used without further purification. Solvents are reported with
the following abbreviations: cyclohexane (CyH), diethyl ether (Et;O), ethanol (EtOH), ethyl acetate
(EtOAc), methanol (MeOH), and tetrahydrofuran (THF). Plastic plates coated with a 0.2 mm thick layer
of silica gel 60 Fass were used for thin-layer chromatography analyses (TLC), whereas flash column
chromatography purification was carried out using silica gel 60 (230—400 mesh). NMR spectra were
recorded at 25 °C in a 400 MHz spectrometer using the deuterated solvent as an internal deuterium lock.
The residual protic signal of the solvent (7.26 ppm, for 'H-NMR), and the "CDCl; signal (77.16 ppm,
for "C-NMR), were used for spectra recorded in CDCls. For NMR spectra recorded in DO, a drop of
methanol was added, and its signals were used as references for both "H and "C spectra (3.34 and 49.50
ppm, respectively). Trifluoroacetic acid signal (—76.55 ppm) was used as a reference for 'F NMR spectra.
Chemical shifts are reported in parts per million (ppm) of the & scale relative to TMS for 'H and “C
spectra and CFCl; for "F NMR spectra; coupling constants are in Hertz, and the multiplicity is as follows:
s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), dd (doublet of doublets), dt (doublet of
triplets), ddd (doublet of doublet of doublets), br (broad signal). Gas chromatography-mass spectrometry
(GC-MS) spectra were obtained by El ionization at 70 eV on a Hewlett-Packard 5971 with GC injection;
they are reported as 7/z (rel. intensity). High performance liquid chromatography-mass spectrometry
(HPLC-MS) analyses were performed on an Agilent Technologies HP1100 instrument coupled with an
Agilent Technologies MSD 1100 single-quadrupole mass spectrometer using a Phenomenex Gemini C18

3 pm (100 X 3 mm®) column; mass spectrometric detection was performed in the full-scan mode from
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m/ % 50 to 2500, a scan time of 0.1 s in the positive ion mode, ESI spray voltage of 4500 V, nitrogen gas
of 35 psi, a drying gas flow rate of 11.5 mL min™', a fragmentor voltage of 30 V.

3.5.1. Synthetic procedures of Section 3.3.1
General procedure for photocatalytic nucleophilic fluorination
All photocatalytic reactions were performed under atmosphere. A 10 mL Schlenk tube, equipped with a
Rotaflo® stopcock, magnetic stirring bar and an argon supply tube, was flame-dried under vacuum. Once
back to room temperature, the Schlenk tube was refilled with Ar, and charged with all the reagents,
followed by the solvent (always under flux). The reaction mixture was subjected to a freeze-pump-thaw

procedure (three cycles) and the vessel was then refilled with argon. The reaction mixture was irradiated
(UV LED, Amex = 365 nm, 3 cm from the vessel) under vigorous stirring for 36h, with a fan kit to avoid

excessive heating.

Methyl (R)-2-amino-3-fluoro-3-methylbutanoate (7)

F coome The reaction was performed according to the general procedure for photocatalytic
7 N nucleophilic fluorination. The Schlenk tube was charged with 6 (16.8 mg, 0.1 mmol), NFSI

(47.3 mg, 0.15 mmol), sodium decatungstate (2.4 mg, 0.001 mmol), acetonitrile (1 mL), water (520 pL).

At the end of the irradiation time, the reaction mixture was treated with MeOH (1 mL), and the solvent

was evaporated under reduced pressure. The resulting crude was directly analysed by means of NMR

spectroscopy, and it was found to be a mixture of NFSI, unreacted 6, and 7. Spectroscopic data of 7 are

in agreement with those reported in literature.'”

Methyl (45,5R)-5-methyl-2-oxooxazolidine-4-carboxylate (10)
. J<0 A dry three-neck round-bottom flask, equipped with a pressure-equalizing dropping funnel,
/K_/NH was charged with dry CH>Cl, (10 mL) and anhydrous Et:N (488 uL, 3.5 mmol) under N,
fo, coove atmosphere. Then, the vessel was cooled down to 0 °C, and 8 (200 mg, 1.18 mmol) was added.
The reaction mixture was stirred for 5 minutes at 0 °C, and for 20 minutes at room temperature. The
vessel was again cooled down to 0 °C, and a solution of triphosgene (140 mg, 0.47mmol) in dry CH>Cl,
(5 mL) was added dropwise in 15 minutes. The reaction mixture was stirred for 24h at room temperature.
The reaction vessel was cooled to 0 °C and saturated aqueous Na,COs was slowly added under vigorous
stirring until the pH was 9—10. Upon separation, the combined organic phase was treated with aqueous
1M HCI until the pH became 1—2. The two phases were separated and the combined organic phase was

treated with saturated aqueous NaHCO; until the pH became 7—8. Upon separation, the combined

organic phase was dried on anhydrous Na,SO, and the solvent was removed under reduced pressure.
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The crude mixture was chromatographed (silica gel, 20% EtOAc in CyH) to afford 70 mg of 10 (0.44

mmol, yield 37%). Spectroscopic data are in agreement with those reported in literature.'™

Methyl (5)-2-(1,3-dioxoisoindolin-2-yl)-3-methylbutanoate (12)

)YCOOH )\rCOOMe
COOH
s o N0 5 o Noo
NH,
: 12’ 12
L-valine

A single-neck round-bottom flask was heated up to 140-145 °C, and was charged with phthalic anhydride
(430 mg, 2.92 mmol). The vessel was heated until phthalic anhydride was completely melted. After 5
minutes, [ -valine (342 mg, 2.92 mmol) was added, and the flask was plugged and the reaction mixture
was stirred for 5 minutes. The plug was then removed and then the reaction mixture was stirred for other
5 minutes. Upon cooling back to room temperature, 12> formed as a white precipitate. Recrystallization
from MeOH led to 520 mg of spectroscopically pure 12’ as white crystalline solid (2.1 mmol, yield 72%),
which was used as such in the next step. Spectroscopic data are in agreement with those reported in
literature.'”

A single-neck round-bottom flask was charged with MeOH (5 mL) and 12’ (520 mg, 2.1 mmol). The
reaction vessel was cooled down to 0 °C, and thionyl chloride (230 pL, 3.15 mmol) was added dropwise.
The reaction mixture was stirred 1h at room temperature, and then it was refluxed for 12h. The solvent
was evaporated under reduced pressure, and the obtained crude mixture was dissolved in CHCl, and
washed with saturated aqueous NaHCO;. Upon separation, anhydrification over Na,SOs, and solvent
evaporation under reduced pressure, the crude mixture was chromatographed (silica gel, 50% EtOAc in
CyH) affording 280 mg of 12 as brownish oil (1.07 mmol, yield 51%). Spectroscopic data are in agreement

with those reported in literature.'”

Methyl (R)-2-(1,3-dioxoisoindolin-2-yl)-3-fluoro-3-methylbutanoate (13)
F)krcoowle The reaction was performed according to the general procedure for photocatalytic
o N__o nucleophilic fluorination. The Schlenk tube was charged with 12 (26 mg, 0.1 mmol),
H 13 Selectfluot® (41 mg, 0.12 mmol), and dry acetonitrile (1 mL). At the end of the irradiation
time, the mixture was diluted with EtOAc and washed with saturated aqueous NaHCO:.
The combined organic phase was dried on anhydrous Na,SO,, and the solvent was evaporated under
reduced pressure. The resulting crude was directly analysed by means of NMR spectroscopy, and it was
found to be a mixture of Selectfluor®, unreacted 12, and 13. Spectroscopic data of 13 are in agreement

with those reported in literature.'

Methyl (25,3R)-2-(1,3-dioxoisoindolin-2-yl)-3-hydroxybutanoate (14)
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oH A single-neck round-bottom flask was charged with 8 (200 mg, 1.18 mmol), phthalic
o N__o anhydride (119 mg, 1.18 mmol), and toluene (2 mL). Then, EtsN (180 pL, 1.3 mmol) was
H 14 added. After 2h, the solvent was evaporated under reduced pressure. The crude mixture was
dissolved in EtOAc, and sequentially washed with 10% aqueous citric acid (3 mL), water,

saturated aqueous NaHCOs, and brine. The combined organic phase was dried on anhydrous Na,SOs,
and the solvent was evaporated under reduced pressure. The obtained mixture was chromatographed
(silica gel, 30% EtOAc in CyH) affording 33 mg of 14 as colourless oil (0.16 mmol, yield 14%).

Spectroscopic data are in agreement with those reported in literature.'™

Methyl ((benzyloxy)carbonyl)-L-methioninate (17)

_s coome A single-neck round-bottom flask was charged with Et;O (33 mL), water (33 mL), and
7o W K,COs (17.3 g, 125 mmol). The vessel was cooled down to 0 °C, and 16 (5 g, 25 mmol)

was added to the mixture. Then, CbzCl (3.9 mL, 27.1 mmol) was added dropwise at 0 °C. The reaction

mixture was vigorously stirred for 12h at room temperature. The mixture was extracted with Et,O, the

combined organic phase was dried on anhydrous Na,SOs, and the solvent was evaporated under reduced

pressure, affording 7.3 g of spectroscopically pure 17 as yellowish oil (24.5 mmol, yield 98%), which were

used as such in the next step. Spectroscopic data are in agreement with those reported in literature.”™"

Methyl (25)-2-(((benzyloxy)carbonyl)amino)-4-(methylsulfinyl)butanoate (18)
A single-neck round-bottom flask was charged with MeOH (40 mL) and 17 (7.3 g, 24.5

1
_S COOMe

18 NHCbz mmol). NalOy (5.8 g, 27.5 mmol) was dissolved in 40 mL of water, and the resulting
solution was added dropwise in the reaction vessel at 0 °C. The reaction mixture was vigorously stirred
for 48h at room temperature. The resulting mixture was filtered over a celite pad, and the filter cake was
washed with CH,Cl, and MeOH. Volatiles were removed under reduced pressure, and the resulting
aqueous concentrated mixture was extracted with CH>Cl, (3 X 20 mL). The combined organic phase was
dried over anhydrous Na,SOy, and the solvent was evaporated under reduced pressure, affording 7.76 g
of spectroscopically pure 18 as coloutless oil (24.3 mmol, yield 99%), which were used as such in the next

step. Spectroscopic data are in agreement with those reported in literature.”

Methyl (5)-2-(((benzyloxy)carbonyl)amino)but-3-enoate (19)

_~_coome  Substrate 18 was Kugelrohr distilled (240 °C, 6.5:10"" mbar, three-bulb setup). The desired
19, ez pyrolyzed fraction (yellow oil) was collected in the terminal outside bulb (cooled down to 0
°C). The described distillation was not performed on the whole substrate batch: the latter was split up

into relatively small amounts (no more than 1.5 g, 4.8 mmol), and the distillation was repeated as many

times as needed. The crude pyrolyzed fraction was chromatographed (silica gel, 20% EtOAc in CyH),
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affording 19 as light-yellow oil (maximum yield: 69%). Spectroscopic data are in agreement with those

reported in literature.”"

Methyl (5)-2-(((benzyloxy)carbonyl)amino)-2-((5)-oxiran-2-yl)acetate (4)
coome A dry two-neck round-bottom flask was charged with dry CH2Cl, (50 mL) and 19 (2.75 g,
4 NHCbz 11 mmol) under N, atmosphere. The mixture was cooled down to 0 °C, and -
chloroperbenzoic acid (MCPBA, 5.7 g, 33 mmol) was slowly added. The reaction mixture was vigorously
stirred for 20h at room temperature. The resulting mixture was filtered over a celite pad, and the filtrate
was treated with saturated aqueous Na,SO; at 0 °C, until potassium iodide starch paper tested negative
for the presence of oxidizing agents. The mixture was again filtered over a celite pad, and the filtrated
was sequentially washed with saturated aqueous NaHCO; (3 X 10 mL) and water (3 X 10 mL). The
combined organic phase was dried over anhydrous Na,SO,, and the solvent was evaporated under
reduced pressure. The crude mixture was chromatographed (silica gel, 30% EtOAc in CyH), affording
1.1 g of 4 (single diastereoisomer) as whitish oil (NMR conversion: 70%; isolated yield: 4.1 mmol, 37%).

Spectroscopic data are in agreement with those reported in literature.'”

Methyl (8)-2-((tert-butoxycarbonyl)amino)-2-((§)-oxiran-2-yl)acetate (24)
coome A dry two-neck round-bottom flask was charged with dry MeOH (2.5 mL), 4 (50 mg, 0.19
24 nweoe  mmol), Boc,O (207 mg, 0.95 mmol), and palladium on carbon (Pd/C 10 wt. % loading, 13
mg, 25% m/m). The flask was partially evacuated (until incipient boiling of the solvent), and refilled with
H, (balloon). The reaction mixture was vigorously stirred for 30 minutes at room temperature. The
resulting mixture was filtered over a celite pad, and the filter cake was washed with MeOH. The solvent
was evaporated under reduced pressure, and the resulting crude mixture was chromatographed (silica gel,
50% EtOAc in CyH), affording 27 mg of 24 as yellowish oil (0.12 mmol, yield 62%). Spectroscopic data

are in agreement with those reported in literature.'™

Methyl (25,35)-4-(benzyloxy)-2-((tert-butoxycarbonyl)amino)-3-hydroxybutanoate (26)
' A dry two-neck round-bottom flask was charged with dry CH,Cl, (2 mL), 24 (65 mg,

Ph. _© COOMe

26,83% nheoe (.28 mmol), and freshly distilled benzyl alcohol (42 pL, 0.41 mmol) under N»
atmosphere. The flask was cooled down to 0 °C, and boron trifluoride etherate (7 pL, 0.056 mmol) was
added. The reaction mixture was vigorously stirred for 48h at room temperature. The volatiles were
accurately evaporated under vacuum affording 95 mg of crude 26 as brownish oil (NMR conversion
83%), which was used as such in the next step. 'H-NMR (CDCl;, 400 MHz, ppm) &: 1.43 (9H, s),
3.52—3.56 (2H, two merged doublets, ] = 5.3 Hz), 3.72 (3H, s), 4.12 (1H, dt, ] = 6.8, 5.3 Hz), 4.57 (1H,
d,J = 6.8 Hz), 4.55 (1H, s), 7.29-7.47 (5H, m).
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Methyl (4S5,55)-5-((benzyloxy)methyl)-2-oxooxazolidine-4-carboxylate (22)
o Crude 26 was dissolved in CH,Cl, (10 mL), in a single-neck round-bottom flask, and
Ph\/o\/okl/NH TFA (3 mL) was added dropwise. The reaction mixture was vigorously stirred for 4h at
* oM oom temperature. Volatiles were accurately evaporated under vacuum, and the
obtained crude mixture was again dissolved in CH,Cl, (15 mL). Saturated aqueous NaHCOj5 (15 mL) was
added, and the flask was cooled down to 0 °C. Triphosgene (100 mg, 0.34 mmol) was added, and the
reaction mixture was vigorously stirred for 12h at room temperature. Upon separation, the aqueous phase
was extracted with CH>ClL (3 X 15 mL), and the combined organic phases were dried over anhydrous
Na,SO,. The solvent was evaporated under reduced pressure, and the obtained crude mixture was
chromatographed (silica gel, 30% EtOAc in CyH), affording 9 mg of 22 as whitish solid (0.03 mmol,
yield 12% over two steps). 'H-NMR (CDCl;, 400 MHz, ppm) 8: 2.26 (1H, ddd, ] = 13.9, 10.3, 10.0 Hz),
2.14 (1H, ddd, ] = 13.9, 4.0, 2.8 Hz), 3.71 (3H, s), 4.02 (1H, dd, ] = 10.0, 4.0 Hz), 4.65-4.66 (2H, m), 5.80
(1H, dd, ] = 10.3, 2.8 Hz), 7.30-7.47 (5H, m).

Methyl (4S5,55)-5-(hydroxymethyl)-2-oxooxazolidine-4-carboxylate (23)
o A dry two-neck round-bottom flask was charged with dry MeOH (12 mL), 22 (50 mg, 0.18

o

HO\/K_/NH mmol), and palladium on carbon (Pd/C 10 wt. % loading, 5 mg, 10% m/m). The flask was

22 Gooue partially evacuated (until incipient boiling of the solvent), and refilled with H» (balloon).
The reaction mixture was vigorously stirred for 12h at room temperature. The resulting mixture was
filtered over a celite pad, and the filter cake was washed with MeOH. The solvent was evaporated under
reduced pressure, affording 29 mg of spectroscopically pure 23 as yellowish oil (0.17 mmol, yield 92%).
"H-NMR (CDClL, 400 MHz, ppm) &: 1.92 (1H, ddd, ] = 13.8, 10.3, 10.0 Hz), 2.06 (1H, ddd, ] = 13.8, 4.0,
2.8 Hz), 3.71 (3H, s), 3.81—-3.84 (2H, two merged doublets, | = 4.7 Hz), 4.02 (1H, dd, ] = 10.0, 4.0 Hz),

4.60 (1H, dtd, J = 10.3, 4.7, 2.8 Hz).

Methyl (4R,55)-5-(fluoromethyl)-2-oxooxazolidine-4-carboxylate (11)
o Adried two-neck round-bottom flask was charged with dry CH>Cl, (0.5 mL) and 23 (10 mg,
F\/OK_/NH 0.06 mmol) under N, atmosphere. The reaction vessel was placed in a =78 °C bath and
. coove diethylaminosulfur trifluoride (DAST, 8 uL, 0.06 mmol) was added. The reaction mixture
was stirred at —78 °C for 30 minutes, then allowed to warm up to 0 °C and stirred for 2h. The reaction
vessel was cooled down to —78 °C and saturated NaHCO3 (1 mL) was added under vigorous stirring.
The mixture was allowed to warm to room temperature under vigorous stirring. Upon separation, the

organic phase was dried on anhydrous Na,SO4 and the solvent was removed under reduced pressure. A

flash column chromatography was performed (silica gel, 50% EtOAc in CyH), affording 1 mg of 10 as
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whitish solid (0.006 mmol, yield 10%). H NMR: & 1.91-2.19 (2H, 2.00 (ddd, J = 13.8, 10.3, 10.0 Hz), 2.13
e (ddd,J=13.8,4.0,28 H2), 371 (3H, 5), 4.03 (1H, dd, ] = 10.0, 40 Hz), 439-4.43 (2H, 4.41
oo (d, ] = 6.6 Hz), 441 (d, ] = 6.6 Hz)), 471 (1H, dtd, ] = 10.3, 6.6, 2.8 HZ19FNMR (CDCI3):

30
8= -243.16 ppm (dt, JECH2: 50.8 Hz, ] FCH2CH= 25.6 Hz).

Tert-butyl (R)-4-formyl-2,2-dimethyloxazolidine-3-carboxylate (30)

Compound 30 was prepared starting from D-serine, according to literature procedures.'”

3.5.2. Synthetic procedures of Section 3.3.2

2-(Benzyloxy)acetaldehyde (39)

39 A tube with a bubbler was charged with a solution of allyl benzyl ether (2 mL, 12.9 mmol)
" 0 CHLCL (20 mLL) and cooled at —78 °C. The mixture was flused with O, for 1 min, then
O; was fluxed until the mixture became blue, maintaining the reaction temperature at —78 °C. Excess O3
was removed by fluxing O, for 5 min. Dimethyl sulfide (9.5 mL, 129 mmol) was added at —78 °C, and
the reaction mixture was slowly warmed at room temperature and stirred overnight. Volatiles were
removed under reduced pressure, and the crude aldehyde was purified by flash column chromatography
(silica gel, 0—10% EtOAc in CyH), affording 1.15 g (7.7 mmol, 60% yield) of 39 as pale-yellow oil.
Spectroscopical data are in agreement with those reported in the literature."” TLC: R, (CyH/EtOAc =
1:1) = 0.25. '"H NMR (400 MHz, CDCls) &: 9.73 (1H, s), 7.40—7.30 (5H, m), 4.64 (2H, s), 4.11 (2H, s).
“C NMR (101 MHz, CDCls) &: 200.6, 137.0, 128.8 (2C), 128.4, 128.2 (2C), 75.4, 73.8. EI-MS /: 107
M — CH.CHO, 33), 91 (100), 77 (7), 65 (17), 51 (5).

Ethyl (45*,55*)-5-((benzyloxy)methyl)-4,5-dihydrooxazole-4-carboxylate (rac-38)

0\ A dried three-neck round-bottom flask, equipped with a pressure-equalizing dropping

N
Ph\/O

funnel, was charged with CuCl (38 mg, 0.38 mmol), triphenylphosphine (100 mg, 0.38

COOEt

fac-38 mmol), and dry CH2CL (10 mL) under N atmosphere. The mixture was stirred for 5

min, and then dry diisopropylethylamine (130 uL, 96 mg, 0.76 mmol) was added and the mixture was
stirred for further 10 min. A solution of 39 (1.15 g, 7.7 mmol) and 40 (840 uL, 7.7 mmol) in dry CH,Cl,
(10 mL) was added dropwise at 0 °C. The dropping funnel was washed with two 5 mL portions of dry
CH)CL, to transfer all of the reagents inside the reaction flask, and the reaction mixture was stirred
overnight at room temperature (or until completion by TLC). The solvent was removed under reduced
pressure and the crude mixture was chromatographed (silica gel, 0—50% EtOAc in CyH), affording 1.55
g (5.9 mmol, 77% yield) of rac-38 as pale-yellow oil. TLC: R; (CyH/EtO = 1:4) = 0.41. '"H NMR (400
MHz, CDCl) 8: 7.37—7.28 (5H, m), 6.93 (1H, d, ] = 2.0 Hz), 4.85 (1H, ddd, ] = 7.8, 5.0, 3.4 Hz), 4.60
(2H, s), 4.57 (1H, dd, J= 7.8, 2.0 Hz), 4.29—4.18 (m, 2H), 3.72 (1H, dd, ] = 10.9, 3.4 Hz), 3.60 (1H, dd, |
=10.9, 5.0 Hz), 1.30 3H, t, ] = 7.2 Hz). "C NMR (101 MHz, CDCl;) &: 170.7, 156.5, 137.6, 128.6 (2C),
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128.0, 127.8 (2C), 80.1, 73.6, 70.2, 69.3, 62.0, 14.3. EI-MS 7/ 190 (M — COOE, 2), 172 (M — Bn, 2),
157 (8), 91 (100), 84 (35), 77 (5), 70 (6), 65 (13), 56 (8).
OH Compound rac-38 was obtained in a mixture with the corresponding formamide rac-41

NHCHO

Sen G0t (variable from 0 to 15%, batch dependent), derived from the hydrolysis of the oxazoline

-41 . . .
e ring due to trace of water during the column chromatography process. The mixture of the

two compounds could be used directly in the next step without any further purification. In the following,
characteristic 'H NMR signals and ESI-MS data for compound rac-41 ate reported. 'H NMR (400 MHz,
CDCLy) 8: 8.27 (1H, s), 7.39—7.28 (5H, m), 6.39 (1H, d, ] = 8.8 Hz, NH), 4.77 (1H, dd, ] = 8.8, 2.6 Hz),
4.54 (2H, s), 4.38 (1H, dddd, ] = 7.9, 4.2, 3.9, 2.6 Hz), 423 (2H, q, ] = 7.1 Hz), 3.59 (1H, dd, ] = 9.5, 4.2
Hz), 3.44 (1H, dd, ] = 9.5,7.9 Hz), 271 (1H, d, ] = 3.9 Hz), 1.28 3H, t, ] = 7.1 Hz). ESL-MS 7/ 282.2
[M + H]* (100); 304.2 [M + Nal* (4).

Ethyl (45*,55*)-5-((benzyloxy)methyl)-2-oxooxazolidine-4-carboxylate (rac-42)
(0]

A dried two-neck round-bottom flask was charged with rac-38 (1.55 g, 5.9 mmol) and dry
MeOH (12 mL) under N, atmosphere. The mixture was cooled to 0 °C and HCI 3 M in

NH

OBn éOOEt
raca2 ~ MeOH, 12 ml., 36 mmol) was slowly added. The reaction mixture was stirred at 0 °C for 30

minutes and then allowed to warm to room temperature and stirred overnight or until completion (TLC).
The solvent was removed under reduced pressure, affording crude ethyl 2-amino-4-(benzyloxy)-3-
hydroxybutanoate hydrochloride salt as viscous amber oil, which was used in the next step without
purification. The reaction crude was dissolved in dry CH>Cl, (15 mL) and Et:N (2.67 mL, 19.3 mmol)
was added dropwise at 0 °C under Natmosphere. The reaction mixture was stirred at 0 °C for 10 min,
and then a solution of triphosgene (1.90 g, 6.4 mmol) in dry CH,Cl, (15 mL) was added dropwise. The
reaction mixture was stirred at 0 °C for 30 minutes and then allowed to warm to room temperature and
stirred overnight or until completion (TLC). The reaction mixture was cooled to 0 °C, and a saturated
Na,COj aqueous solution was slowly added under vigorous stirring until basic pH was reached (pH =
9—10). Upon separation, the organic phase was washed with aqueous 1 M HCl and saturated NaHCO;
successively, and then dried on anhydrous Na,SO,. The solvent was removed under reduced pressure.
Flash column chromatography of the crude (silica gel, CyH/EtO = 1:1) afforded 1.02 g (3.7 mmol, 62%)
of rac-42 as pale-yellow oil. TLC: R, (EtO) = 0.64. 'H NMR (400 MHz, CDCls) &: 7.33—7.22 (5H, m),
0.93 (1H, s),4.71 (1H, ddd, | = 5.4, 4.4, 3.7 Hz), 458 (1H, d, ] = 12.1H), 4.56 (1H, d, ] = 12.1 Hz), 4.29
(1H, d, J = 5.4 Hz), 418 2H, q, ] = 7.1 Hz), 3.71 (1H, dd, ] = 11.0, 3.7 Hz), 3.64 (1H, dd, ] = 11.0, 4.4
Hz), 1.22 (3H, t, ] = 7.1 Hz). "C NMR (101 MHz, CDCl) &: 169.9, 158.4, 137.3, 128.3 (2C), 127.7,127.5
(2C), 77.4, 73.3, 69.5, 62.0, 55.3, 13.8. EI-MS »/z 206 M — COOEg, 2), 173 (7), 130 (3), 107 (7), 100
(20, 91 (100), 86 (14), 77 (5), 65 (14), 56 (17).
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o  The racemic analytical sample of the ¢ diastereoisomer of rac-42 was obtained starting from
o

N 39 and 40, through a similar Cu(I)-based experimental procedure (CuCl 5 mol %, Et;N 5 mol
o8GR os 'THEF),'™ only partially diastereoselective (#rans/cis = 85:15), to petform its complete NMR
characterization. TLC: R, (EtO) = 0.36. "H NMR (400 MHz, CDCl;) 8: 7.36—7.26 (5H, m), 5.48 (1H, s),
494 (1H, dt, ] = 9.3, 3.5 Hz), 4.52 (1H, d, ] = 12.1 Hz), 4.50 (1H, d, ] = 12.1 Hz), 448 (1H,d, ] = 9.3
Hz), 4.09 (2H, q, ] = 7.2 Hz), 3.80—3.78 (2H, m), 1.17 (3H, t, ] = 7.2 Hz). "C NMR (101 MHz, CDCly)
5:168.9, 158.4,137.4, 128.5 (2C), 127.9, 127.7 (2C), 76.9, 73.7, 67.7, 62.2, 55.5, 14.0. EI-MS 72/ 2= 206 (M

~ COOF, 3), 173 (5), 158 (3), 130 (3), 107 (7), 100 (20), 91 (100), 86 (10), 77 (5), 65 (13), 56 (17).

Ethyl (45*,55*)-5-(hydroxymethyl)-2-oxooxazolidine-4-carboxylate (rac-43)
o J(O A dried two-neck round-bottom flask was charged with a solution of rac-42 (830 mg, 2.97
- mmol) in EtOH (96%, 30 mL) under N, atmosphere. Palladium on carbon (Pd/C 10 wt. %
OHraC_Cf;;OEt loading, 83 mg, 10% m/m) was added to the mixture. The flask was partially evacuated and
refilled with H» (balloon). The mixture was vigorously stirred at room temperature overnight or until
completion (TLC). The reaction mixture was filtered over a Celite, washed with CH2Cl,, and the filtrate
was evaporated under reduced pressure, affording 562 mg (2.97 mmol, quantitative yield) of
spectroscopically pure rac-43 as colourless oil. The latter solidified upon storage at —20 °C overnight,
affording a white sticky solid. TL.C: Ry (CyH/EtOAc = 1:4) = 0.22. '"H NMR (400 MHz, CDCl;) : 6.19
(1H, bs), 4.70 (1H, ddd, ] = 5.6, 3.3, 2.4 Hz), 4.42 (1H, d, ] = 5.6 Hz), 4.27 (2H, q, ] = 7.1 Hz), 4.01 (1H,
dd, ] = 12.7, 2.4 Hz), 3.75 (1H, dd, ] = 12.9, 3.3 Hz), 2.84 (1H, bs), 1.31 (3H, t, ] = 7.1 Hz). "C NMR
(101 MHz, CDCl) 8: 170.5, 159.1, 79.4, 77.4, 62.3, 55.1, 14.1. EI-MS /3 189 (M, 2), 173 (7), 130 (3),

107 (7), 100 (20), 91 (100), 86 (14), 77 (5), 65 (14), 56 (17).

Ethyl (45*,55*)-5-(fluoromethyl)-2-oxooxazolidine-4-carboxylate (rac-44)
o J(O A dried two-neck round-bottom flask was charged with rac-43 (712 mg, 3.76 mmol) and dry

" CH.CL (20 mL) under N, atmosphere. The reaction mixture was cooled at =78 °C and

] raci:;OEt diethylaminosulfur trifluoride (DAST, 990 pL, 7.53 mmol) was added dropwise. The reaction
mixture was stirred at —78 °C for 30 min, and then allowed to warm up to 0 °C and stirred 3 h until
completion (TLC). The reaction vessel was cooled to —78 °C and a saturated NaHCO; solution (10 mL)
was added under vigorous stirring. The mixture was allowed to warm to room temperature under
vigorous stirring. Upon extraction (CH2Cl,, 3 X 10 mL) and separation, the collected organic phases were
dried on anhydrous Na,SOy4 and the solvent was removed under reduced pressure. Flash column
chromatography (silica gel, CyH/EtO = 1:1) afforded 233 mg (1.2 mmol, 32% yield) of rac-44 as pale-
yellow oil. TL.C: Ry (CyH/EtOAc = 1:4) = 0.77. '"H NMR (400 MHz, CDCl3) &: 5.76 (1H, bs), 4.82 (1H,

dddd, ] = 23.8, 5.6, 3.2, 2.8 Hz), 4.73 (1H, ddd, ] = 47.6, 10.8, 2.8 Hz), 4.58 (1H, ddd, ] = 46.1, 10.8, 3.2
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Hz), 436 (1H, d, ] = 5.6 Hz), 430 (2H, q, ] = 7.2 Hz), 1.33 3H, t, ] = 7.2 Hz). “F NMR (376.5 Hz,
CDCly) 8: =235 (dt, ] = 46.9, 23.8 Hz). *C NMR (101 MHz, CDCly) 8: 169.4, 157.6, 81.9 (d, ] = 177.7
Hz), 76.7 (d, ] = 19.9 Hz), 62.8, 54.5 (d, ] = 6.2 Hz), 14.2. EI-MS /% 191 (M", 2), 118 (M — COORt,
100), 101 (2), 85 (5), 74 (6), 54 (6).

(25*,35*)-2-amino-4-fluoro-3-hydroxybutanoic acid, hydrochloride salt (rac-34-HCI)
oH A Schlenk tube was charged with rac-44 (432 mg, 2.26 mmol) and aqueous HCI (6 M, 4 mL,

COOH

L Ao 24 mmol) under N2 atmosphere. The reaction mixture was refluxed under vigorous stirring
3

fac34HC for 2 days, until complete conversion (NMR). The solvent was evaporated under reduced

pressure, affording 352 mg of crude rac-34-HCI (2.03 mmol, 90% yield) as viscous amber oil, which was
used as such in the next step. 'H NMR (400 MHz, D,O) &: 4.76 (1H, ddd, ] = 46.2, 10.5, 3.7 Hz), 4.64
(1H, ddd, ] = 47.0, 10.5, 3.5 Hz), 4.47 (1H, dddd, ] = 24.7, 3.9, 3.7, 3.5 Hz), 4.22 (1H, d, ] = 3.9 Hz). “F
NMR (376.5 Hz, D,O) & —232 (dt, ] = 46.7, 24.8 Hz). "C NMR (101 MHz, D,O) 8: 170.9, 85.2 (d, ] =
168.0 Hz), 67.8 (d, ] = 19.2 Hz), 55.7 (d, ] = 4.6 Hz). ESI-MS /% 138.2 [M — CI|" (100); 92.2 [M — (Cl
+ COOH)]" (10).

(25*,35*)-4-Fluorothreonine; (25%,35*)-2-amino-4-fluoro-3-hydroxybutanoic acid (rac-34)
OH A Schlenk tube was charged with rac-34-HCI (352 mg, 2.03 mmol) and dry MeOH (10 mL)

COOH

o under N, atmosphere. Propylene oxide (1.42 mL, 20.3 mmol) was added to the mixture,

rac34 which was stirred at room temperature overnight. During this stage, a pale-yellow precipitate

formed. The solvent and excess propylene oxide were removed under reduced pressure. Recrystallization
from MeOH afforded 171 mg (1.25 mmol, 61% yield) of spectroscopically pure rac-34 as white powder.
Spectroscopical data are in agreement with those reported in the literature.'”” '"H NMR (400 MHz, D,O)
8:4.72 (1H, ddd, ] = 46.6, 10.8, 3.7 Hz), 4.60 (1H, ddd, | = 47.0, 10.8, 3.1 Hz), 4.35 (1H, dddd, ] = 24.9,
4.7,3.7,3.1 Hz), 3.87 (1H, d, ] = 4.7 Hz). "F NMR (376.5 Hz, D,0) 8: =232 (dt, ] = 46.8, 24.9 Hz). °C
NMR (101 MHz, D;O) &: 172.5, 85.6 (d, ] = 167.3 Hz), 68.4 (d, ] = 19.1 Hz), 56.8 (d, ] = 4.4 Hz). ESI-
MS /% 138.2 [M + H]" (100); 92.2 [M — COOH]" (15).

3.5.3. Synthetic procedures of Section 3.3.3
Ethyl N-(((9H-fluoren-9-yl)methoxy)carbonyl)-L-methioninate (46)

_s cooet  The reported procedure is based on a literature general procedure for the preparation of

6 WM amino acid esters.'® A dried two-neck round-bottom flask was charged with 45 (5 g, 13.5

mmol) under N atmosphere. EtOH (96 %, 50 mL) was added, and the mixture was cooled down to 0
°C. Thionyl chloride (1.5 mL, 20.7 mmol) was added dropwise under vigorous stirring, and the reaction

mixture was stitred at 0 °C for 5 minutes. During this time, the apparatus was isolated from the N,
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Schlenk line and equipped with a CaCl; trap. The reaction mixture was then allowed to warm up to room
temperature, and it was stirred for 2 hours. During this time, the initially clear solution coagulated in a
hardly stirrable mixture due to the formation of a foamy solid, so EtOH (96%, 20 mL) was added, and
the coagulated mass was accurately broken. Once efficient stirring was again achieved (mechanical stirring
might be preferable), the reaction mixture was stirred overnight at room temperature. The volatiles were
removed under reduced pressure, affording 5.37 g of spectroscopically pure 46 as white solid (13.5 mmol,
quantitative). Spectroscopic data were in agreement with those reported in literature.™ TLC: Ry
(CyH/EtOAc = 7:3) = 0.42. m.p. = 120—123 °C. [o]*p (¢ 1.0, CHCl;) = +13.3°. '"H NMR (400 MHz,
CDCly) 0: 7.77 (2H, d, ] = 7.5 Hz), 7.63—7.57 (2H, m), 7.41 2H, t, ] = 7.5 Hz), 7.32 2H, t, ] = 7.3 Hz),
5.41 (1H,d, ] = 7.8 Hz), 4.54—4.45 (1H, m), 442 (2H, d, ] = 7.3 Hz), 4.29—4.15 (3H, m), 2.59—2.47 (2H,
m), 2.23—2.12 (1H, m), 2.11 (3H, s), 2.04—1.92 (1H, m), 1.30 (3H, t, ] = 7.2 Hz). "C NMR (101 MHz,
CDCl) ¢: 172.1, 156.0, 143.9 and 143.7 (2C, two conformers), 141.3 (2C), 127.7 (2C), 127.1 (2C), 125.1
(2C), 120.0 (2C), 67.0, 61.7, 53.2, 47.2, 32.0, 29.9, 15.5, 14.2.

Ethyl (25)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-4-(methylsulfinyl)butanoate (47)

156

Compound 47 was prepared according to a literature procedure.”” A round-bottom flask

=0

|
S COOEt

. 47 wwrmoc  was charged with 46 (5.36 g, 13.4 mmol) in EtOH (96%, 75 mL). The reaction vessel was
cooled to 0 °C, and a solution of NalOy (3.16 g, 14.8 mmol) in water (60 mL) was slowly added. The
reaction mixture was stirred overnight at room temperature. The resulting mixture was filtered over a
celite pad, and the filter cake was washed with EtOH followed by CH,Cl.. Volatiles were removed under
reduced pressure, and the resulting aqueous concentrated mixture was extracted with CHoCl.. The
organic phase was washed with 1M HCI followed by saturated NaHCOs, and then it was dried on
anhydrous Na,SOs. Volatiles were removed under reduced pressure affording crude 47 as yellow viscous
oil. Flash chromatography (silica gel, one dead volume of 50% EtOAc in CyH, two dead volumes of
EtOAc, then 10% MeOH in EtOAc) afforded 5.07 g of spectroscopically pure 3 as white sticky solid
(12.2 mmol, 91% yield, diastereoisomeric mixture, approx. d.r. = 1:1). Spectroscopic data were
compatible with those reported in literature for the methyl ester analogue.”® TLC: R; (EtOAc/MeOH =
9:1) = 0.38. m.p. (range) = 103—118 °C. [¢]*b (¢ 1.0, CHCl5) = +11.1°. '"H NMR (400 MHz, CDCl)
7.75 (2H, d, ] = 7.5 Hz), 7.63—7.56 (2H, m), 7.39 (2H, t, ] = 7.4 Hz), 7.33—7.27 (2H, m), 5.92 and 5.85
(1H, d, ] = 7.8 and 8.0 Hz, two diastereoisomers), 4.50—4.35 (3H, m), 4.25—4.17 (3H, m), 2.82—2.65 (2H,
m), 2.55 (3H, s), 2.44—2.32 (1H, m), 2.20—2.08 (1H, m), 1.27 (3H, t, ] = 7.0 Hz). "C NMR (101 MHz,
CDCL) o: 171.4, 156.2, 143.9 and 143.7 (2C, two diastereoisomers), 141.4 (2C), 127.8 (2C), 127.1 (2C),
1251 (2C), 120.1 (2C), 67.1, 62.1, 53.2 and 52.9 (two diastereoisomers), 50.4 and 50.2 (two

diastereoisomers), 47.2, 38.6, 26.2 and 25.8 (two diastereoisomers), 14.2.
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Ethyl (5)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)but-3-enoate (48)

> oo Compound 48 was prepared according to a literature procedure.” A dry large Schlenk was
48 o charged with 47 (3.08 g, 7.4 mmol) and 2,4-dichlorotoluene (55 mL) under N, atmosphere.
The reaction mixture was heated (190 °C) under vigorous stirring until completion (TLC). The solvent
was evaporated under reduced pressure’ and the crude mixture was chromatographed (silica gel, two
dead volumes of CyH, then 40% Et,O in CyH. Unreacted starting material can be recovered with 10%
MeOH in EtOAc) to afford 1.88 g of pure 48 as white solid (5.35 mmol, yield 72%). Spectroscopic data
were compatible with those reported in literature for the methyl ester analogue.” TLC: R, (CyH/EtO
= 6:4) = 0.38. m.p. = 114-116 °C. [«]*p (¢ 0.66, CHCl5) = +3.94°. '"H NMR (400 MHz, CDCls) é: 7.77
(2H, d, ] = 7.5 Hz), 7.64—7.57 (2H, m), 7.41 2H, t, ] = 7.5 Hz), 7.32 (2H, t, ] = 7.5 Hz), 5.98—5.87 (1H,
m), 5.48 (1H, d, ] = 7.4 Hz), 5.40—5.25 (2H, m), 4.97—4.89 (1H, m), 4.42 (2H, d, ] = 7.0 Hz), 4.29—4.19
(3H, m), 1.30 (3H, t, ] = 7.1 Hz). "C NMR (101 MHz, CDCls) é: 170.5, 155.7, 143.9 (2C), 141.4 (2C),
132.6, 127.8 (2C), 127.2 (2C), 125.2 (2C), 120.1 (2C), 117.7, 67.2, 62.1, 56.3, 47.3, 14.2.

Ethyl (5)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-((§)-oxiran-2-yl)acetate (49)

156 A dtied two-neck round-

cooer  Compound 49 was prepared according to a literature procedure.
49 NHFmoo  hottom flask was charged with 48 (1.88 g, 5.35 mmol) and dry CH,Cl, (75 mL). The reaction
mixture was cooled to 0 °C and m-chloroperbenzoic acid (50-55% MCPBA, 5.89 g, 18.8 mmol) was
added under vigorous stirring at 0 °C. The reaction mixture was stirred at room temperature until
completion (TLC, with the starting material being completely consumed indicatively after 3 days). The
reaction mixture was filtered over a celite pad. The filtrate was cooled to 0 °C, and saturated Na,SOs (32
mL) was added dropwise under vigorous stirring. After 5 minutes, the resulting mixture was filtered over
a celite pad and the two phases were separated. The organic phase was washed with saturated Na,SO;
(45 mL) followed by saturated NaHCOs (45 mL). The organic phase was then dried over anhydrous
Na,SO, and the solvent was evaporated under reduced pressure. The crude mixture was
chromatographed (silica gel, 0—50% EtOAc in CyH) to afford 1.33 g of 49 (single diastereoisomer) as
white solid (3.6 mmol, yield 68%). Spectroscopic data were compatible with those reported in literature
for the methyl ester analogue.'”” TLC: R; (CyH/EtO = 6:4) = 0.45. m.p. = 141142 °C. [o]*p (¢ 1.0,
CHCl;) = —=7.57°. '"H NMR (400 MHz, CDCl3) &: 7.77 (2H, d, ] = 7.5 Hz), 7.62—7.55 (2H, m), 7.41 (2H,
t, ] = 7.5 Hz), 7.36—7.29 (2H, m), 5.32 (1H, d, ] = 8.6 Hz), 4.73—4.68 (1H, m), 4.42 (2H, d, ] = 6.9 Hz),
429 (2H, q, ] = 7.1 Hz), 4.22 (1H, t, ] = 6.9 Hz), 3.50—3.46 (1H, m), 2.80—2.76 (1H, m), 2.64—2.60 (1H,
m), 1.32 (3H, t, ] = 7.1 Hz). "C NMR (101 MHz, CDCl;) &: 169.8, 156.2, 143.9 and 143.6 (2C, two
conformers), 141.5 (2C), 127.9 (2C), 127.2 (2C), 125.2 (2C), 120.1 (2C), 67.3, 62.3, 53.2, 51.3, 47.2, 43.9,
14.3.
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Ethyl (25,35)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-4-(benzyloxy)-3-
hydroxybutanoate (50)
o 1 coon Adried two-neck round-bottom flask was charged with 49 (1.33 g, 3.6 mmol), dry CH.Cl,
50 nNermoc (24 mL) and dry benzyl alcohol (560 uL, 5.4 mmol). Boron trifluoride etherate (90 ulL,
0.73 mmol) was added to the mixture at 0 °C under vigorous stirring. The reaction mixture was stirred
overnight at room temperature. The solvent was evaporated under reduced pressure and
chromatographed (silica gel, 50% Et,O in CyH) to afford 980 mg of 50 as white foamy solid (2.1 mmol,
yield 57%). TLC: R, (CyH/Et,O = 6:4) = 0.32. m.p. = 77—79 °C. [o]*p (¢ 1.0, CHCl;) = +6.94°. "H NMR
(400 MHz, CDCly) ¢: 7.78 (2H, d, ] = 7.5 Hz), 7.64 2H, t, ] = 7.4 Hz), 7.45—7.38 (2H, m), 7.38—7.27
(7TH, m), 5.96—5.82 (1H, br m), 4.55 (2H, s), 4.57—4.50 (1H, m) 4.50—4.34 (3H, m), 4.29-4.19 (3H, m),
3.64=3.58 (1H, m), 3.58—3.49 (1H, m), 1.28 (3H, t, ] = 7.1 Hz). "C NMR (101 MHz, CDCL) &: 170.8,
156.7,143.9 and 143.7 (2C, two conformers), 141.3 (2C), 137.5, 128.5 (2C), 128.0, 127.9 (2C), 127.8 (2C),

127.1 (2C), 125.2 (2C), 120.0 (2C), 73.6, 71.2, 70.4, 67.3, 62.0, 55.8, 47.2, 14.2.

Ethyl (25,35)-2-amino-4-(benzyloxy)-3-hydroxybutanoate (51)
- " coon A\ vial was charged with 50 (980 mg, 2.1 mmol) and dry DMF (2 mL), and piperidine (224
51 NH, ulL, 2.3 mmol) was added. The reaction mixture was stirred overnight. During this time,
the initially clear solution coagulated in a viscous milky mixture. The solvent was removed under reduced
pressure, and the crude mixture was chromatographed (silica gel, 2% MeOH in EtOAc) to afford 409
mg of 51 as colourless oil (1.6 mmol, yield 78%). Spectroscopic data were compatible with those reported
in literature for the methyl ester analogue."™ TLC: R; (EtOAc/MeOH = 98:2) = 0.31. [«]*b (¢ 0.85,
CHCL;) = +8.6°. 'H NMR (400 MHz, CDClL) é: 7.39—7.26 (5H, m), 4.57 (1H, d, ] = 11.9 Hz), 4.53 (1H,
d, /] = 11.9 Hz), 418 (2H, q, ] = 7.1 Hz), 4.08 (1H, td, ] = 5.6, 3.6 Hz), 3.60 (1H, d, | = 3.6 Hz), 3.60
(1H, dd, ] =9.7,5.9 Hz), 3.55 (1H, dd, ] = 9.7, 5.4 Hz), 2.12 (3H, br s), 1.26 (3H, t, ] = 7.1 Hz). "C NMR
(101 MHz, CDCly) ¢: 174.0, 138.0, 128.6 (2C), 127.93, 127.92 (2C), 73.6, 71.6, 70.7, 61.5, 55.6, 14.3.

Ethyl (45,55)-5-((benzyloxy)methyl)-2-oxooxazolidine-4-carboxylate (42)
o A dried two-neck round-bottom flask was charged with 51 (409 mg, 1.6 mmol) and dry
Bno\/ok;/’“” CH.ClI; (10 mL). The reaction vessel was cooled down to 0 °C and dry triethylamine (450
42 coom ul, 3.2 mmol) was added dropwise, followed by a dropwise addition of a solution of
triphosgene (720 mg, 2.4 mmol) in dry CH2Cl, (10 mL). The reaction mixture was then allowed to warm
to room temperature and stirred overnight. The reaction vessel was cooled to 0 °C and a saturated
Na,CO; aqueous solution was slowly added under vigorous stirring until the pH was 9—10. Upon

separation, the organic phase was treated with aqueous 1M HCI until the pH became 1—2. The two

phases were separated and the organic was treated with saturated NaHCOj3 solution until the pH became
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7—8. Upon separation, the organic phase was dried on anhydrous Na,SO, and the solvent was removed
under reduced pressure, affording 451 mg of spectroscopically pure 42 as pale-yellow oil (1.6 mmol,
quantitative). TLC: Ry (EO) = 0.64. [«]*b (¢ 1, CHCL) = +40.7°. '"H NMR (400 MHz, CDCls) 4
7.33—7.22 (5H, m), 6.93 (1H, s), 4.71 (1H, ddd, | = 5.4, 4.4, 3.7 Hz), 4.58 (1H, d, ] = 12.1 Hz), 4.56 (1H,
d, /] =12.1 Hz), 4.29 (1H, d, ] = 5.4 Hz), 418 (2H, q, ] = 7.1 Hz), 3.71 (1H, dd, ] = 11.0, 3.7 Hz), 3.64
(1H, dd, ] = 11.1, 4.4 Hz), 1.22 (3H, t, ] = 7.1 Hz). "C NMR (101 MHz, CDCl;) é: 169.9, 158.4, 137.3,
128.3 (20), 127.7,127.5 (2C), 77.4, 73.3, 69.5, 62.0, 55.3, 13.8.

Ethyl (45,55)-5-(hydroxymethyl)-2-oxooxazolidine-4-carboxylate (43)
o A two-neck round-bottom flask was charged with a solution of 42 (451 mg, 1.6 mmol) in

o]

Hovk/NH EtOH (96%, 20 mL) under N, atmosphere. Palladium on catbon (Pd/C 10 wt. % loading,

4 Coom 45 mg, 10% m/m) was added to the mixture. The flask was partially evacuated and refilled
with H; (balloon). The mixture was vigorously stirred at room temperature overnight or until completion
(TLC). The reaction mixture was filtered over a celite pad, and the filtrate was evaporated under reduced
pressure, affording 305 mg of spectroscopically pure 43 as coloutless oil (1.6 mmol, quantitative). TLC:
Ry (CyH/EtOAc = 1:4) = 0.22. [¢]*p (¢ 0.5, CHCl;) = +49.0° '"H NMR (400 MHz, CDCL3) é: 6.19 (1H,
bs), 4.70 (1H, ddd, | = 5.6, 3.3, 2.4 Hz), 442 (1H, d, ] = 5.6 Hz), 4.27 2H, t, ] = 7.1 Hz), 4.01 (1H, dd,
J=12.7,2.4 Hz), 3.75 (1H, dd, ] = 12.9, 3.3 Hz), 2.84 (1H, bs), 1.31 3H, t, ] = 7.1 Hz). C NMR (101

MHz, CDCL) & 170.5, 159.1, 79.4, 77.4, 62.3, 55.1, 14.1.

Ethyl (45,55)-5-(fluoromethyl)-2-oxooxazolidine-4-carboxylate (44)

o A dried two-neck round-bottom flask was charged with a solution of 43 (305 mg, 1.6 mmol)
FVOK_/NH in CH>ClL, (10 mL) under N, atmosphere. The reaction vessel was placed in a =78 °C bath
4 Gooe and diethylaminosulfur trifluoride (440 pL, 3.3 mmol) was added dropwise. The reaction
mixture was stirred at —78 °C for 30 minutes, then allowed to warm up to 0 °C and stirred until
completion (TLC). The reaction vessel was cooled down to —78 °C and saturated NaHCO; (5 mL) was
added under vigorous stirring. The mixture was allowed to warm to room temperature under vigorous
stirring. Upon separation, the organic phase was dried on anhydrous Na,SO4 and the solvent was
removed under reduced pressure. A flash column chromatography was performed (silica gel, 50% EtOAc
in CyH), affording 132 mg of 44 as pale-yellow solid (0.69 mmol, yield 43%). TLC: R, (CyH/EtOAc =
1:4) = 0.77. m.p. = 58—60 °C. [2]*p (¢ 1.0, CHCL) = +31.3°. '"H NMR (400 MHz, CDClL) ¢: 5.76 (1H,
bs), 4.82 (1H, dddd, | = 23.8, 5.6, 3.2, 2.8 Hz), 4.73 (1H, ddd, ] = 47.6, 10.8, 2.8 Hz), 4.58 (1H, ddd, | =
46.1,10.8, 3.2 Hz), 4.36 (1H, d, ] = 5.6 Hz), 4.30 (2H, q, ] = 7.2 Hz), 1.33 (3H, t, ] = 7.2 Hz). "F NMR
(376.5 Hz, CDCL3) &: —235 (td, | = 46.9, 23.8 Hz). "C NMR (101 MHz, CDCls) é: 169.4, 157.6, 81.9 (d,
J=177.7Hz),76.7 (d, ] = 19.9 Hz), 62.8, 54.5 (d, ] = 6.2 Hz), 14.2.
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(25,35)-2-amino-4-fluoro-3-hydroxybutanoic acid (34)
F\/trcom A Schlenk was charged with 44 (132 mg, 0.69 mmol) and aqueous 6M HCI (2 mL) under
34 NH, N3 atmosphere. The reaction mixture was refluxed under vigorous stirring until completion
(NMR). The solvent was accurately evaporated under reduced pressure (directly from the Schlenk), and
the obtained crude 4-fluoro-I_-threonine hydrochloride (amber viscous oil) was used as such in the next
step. After three vacuum-refill cycles, dry MeOH (3.5 mL) was added under N, atmosphere. The mixture
was vigorously stirred until complete dissolution of crude 4-fluoro-L-threonine hydrochloride was
achieved. The reaction vessel was cooled down to 0 °C, and propene oxide (480 pL, 6.9 mmol) was added
under vigorous stirring. The reaction was stirred for 8 hours at room temperature. During this time, the
initially clear solution became opalescent due to a white precipitate. The stirring was stopped and the
mixture was allowed to settle overnight. The supernatant clear solution was accurately pipetted away, and
the white precipitate was resuspended in fresh MeOH. Volatiles were removed under reduced pressure,
affording 68 mg of spectroscopically pure 4-fluoro-I-threonine 34 as white powder (0.5 mmol, yield
72%). Spectroscopical data are in agreement with those reported in the literature.'”” m.p. = 178—179 °C
(decomposition). 'H NMR (400 MHz, D:O) é: 4.72 (1H, ddd, ] = 46.6, 10.8, 3.7 Hz), 4.60 (1H, ddd, | =
47.0,10.8, 3.1 Hz), 4.35 (1H, dddd, ] = 24.9, 4.7, 3.7, 3.1 Hz), 3.87 (1H, d, ] = 4.7 Hz). "F NMR (376.5
Hz, D;O) & —232 (td, | = 46.8, 24.9 Hz). "C NMR (101 MHz, D,O) ¢ 172.5, 85.6 (d, ] = 167.3 Hz),
68.4 (d, /] =19.1 Hz), 56.8 (d, ] = 4.4 Hz).

3.5.4. Computational methods of Sections 3.3.4 and 3.3.5

The conformational space of 4F-Thr (and Thr) was explored using a recently proposed island
model evolutionaty algorithm (EA),'" coupled with the two-stage method to evaluate structures.'" For
each form of 4F-Thr, a search using a pool of 30 randomly generated structures was carried out for 70
iterations. At each step, every new structure was evaluated performing a geometry optimization with the
semiempitical PM7 method (constraining the dihedral angles, whose values were set up by the EA),'”
followed by a single point energy evaluation at the B3LYP-D3(BJ)/6-31+G(d)level,"”"** also exploiting
the conductor version of the polarizable continuum model (CPCM) to take bulk effects into account
(water ¢ = 78.3553)."” All structures lying within 25 k] mol™' above the lowest energy minimum were
then reoptimized at a higher level of theory to achieve a better description of the geometry and stability
of the 4F-Thr conformer. The double-hybrid B2PLYP functional,"”*'” also including empirical

dispersion (D3B]),"* in conjunction with the jun-cc-pVTZ basis set,'”

overall shortly denoted as B2, was
employed, which is proven to provide reliable results in the characterization of conformers in solution at
a limited computational cost."””'” Relative free energies were determined by adding CPCM solvent effects

together with the zero-point energy and thermal contributions, evaluated within the rigid-rotor harmonic-
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oscillator approximation at the BALYP-D3(BJ)/jul-cc-pVDZ level, to relative electronic energies (AE).
All quantum-chemical calculations have been performed with the G16.C01 version of the Gaussian suite
of programs.'”

To incorporate the explicit treatment of the first-solvation shells, the solvate structures were obtained
from the lowest conformer geometries employing the solvation functionality, as implemented in the
Proxima library.”” Then, only the first seven water molecules directly H-bonded to the solute were kept,

and the structures were reoptimized at the B2 level of theory.

3.5.5. Titration methods of Section 3.3.5

To determine the main chemical properties (i.e., pKai, pKa,, and pl) of 4F-Thr, a small amount
of the racemic amino acid was used to prepare a stock solution to perform acid-base titrations. The
approach described below was preliminarily performed with a stock solution of Thr, with the aim of
assessing the quality of the experimental procedure. Albeit this method proved to be fully reliable in
terms of repeatability, the analysis of titration data were mainly focused on the differences between Thr
and 4F-Thr, also in view of the significant spread of the values available in the literature for Thr.

The titration curve of 4F-Thr was recorded three times in the same conditions to allow the calculation
of mean values and confidence intervals for pKai, pKay, and pl. The titration was performed using an
aqueous 0.05 M stock solution of 4F-Thr. A test tube equipped with a magnetic stirring bar was charged
with 1 mL of such stock solution and a few microliters (thus, a negligible amount with respect to the
total volume) of HCI 37% were added under vigorous stirring to lower the pH of the amino acid solution
down to 1-2. This ensured that even the first buffer zone (corresponding to pKai) could be properly
mapped. The pH-meter electrode was inserted in the test tube until its bulb was completely soaked in the
stirred solution. A 0.25 M solution of NaOH was used as a titrant. In both the early and late plateau
regions of the titration curve (with low slope values), the titrant was added 50 pL at a time, while 10 uL
additions were performed in the central part, due to the presence of the two equivalence points, i.e.,
maximum-slope regions. All of the titrant additions were performed with a 100 pLL Hamilton syringe,

under proper stirring conditions (Figure 3.13).
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Figure 3.13: Depiction of titration experimental setup.

The following semiempirical method was used for the quantitative analyses of titration curves. First, the
pKa, was determined as the pH value corresponding to the second half-equivalence point. Such specific
titration point coincides with a local maximum of the first derivative of the inverted titration curve (i.e.,
the pH value on the x-axis and the titrant volume on the y-axis), referred to as the inverted derivative in
the following. This approach is applicable only for the determination of pKa values corresponding to
buffer zones encompassed between two equivalence points since this situation leads to a single easily
identifiable maximum in the inverted derivative. Furthermore, such identification is even easier because
buffer zones are usually characterized by a high sampling rate of both pH values and titrant volumes,
leading to resolved inverted derivatives. Last but not least, a buffer zone, by definition, is encompassed
within a very narrow pH range, thus leading to smaller errors in the determination of the corresponding
pKa value. A similar approach could be used for pl, identifiable as the pH value corresponding to the
first equivalence point. However, the sampling rate is not sufficiently high to enable easy identification
of the equivalence point, even with the analysis of the first and second derivatives of the titration curve,
due to their low resolution. Indeed, unlike buffer zones, the region encompassing an equivalence point
suffers from tremendous pH changes even when dealing with very small titrant volume variations.
Nevertheless, equivalence zones are encompassed within narrow ranges of the titrant volume, thus
leading to small errors in volumetric analyses. Therefore, our approach moved to the graphical
determination of the pKa, starting from pKa, and taking advantage of both the narrow volume ranges
encompassing equivalence zones and the narrow pH ranges encompassing buffer zones. In particular,
the titrant volume difference between the two equivalence points (which is supposed to experience
almost negligible fluctuations as a consequence of the unavoidable small discrepancies between the

observed and the real equivalence points) is the same observed between the two half-equivalence points.
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Such difference was determined graphically, upon identification of five linear-regime zones: three low-
slope regions (the early and late titration plateau, and the mid buffer zone corresponding to pKa,) and
two high-slope ones (the two equivalence zones). For each zone, the points were interpolated with linear
functions and the intersection points between the adjacent linear regressions were determined (four
points, overall). Two relevant line segments were then identified: the first one (bounded by the first two
points) lies on the first pH jump and its midpoint’s abscissa corresponds to the titrant volume at the first
equivalence point; the second line segment (bounded by the last two points) lies on the second pH jump
and its midpoint’s abscissa corresponds to the titrant volume at the second equivalence point. The
volume difference between the two equivalence points was hence determined and subtracted to the titrant
volume corresponding to pKay. This new titrant volume is the abscissa of the first half-equivalence point;
therefore, the corresponding pH value is pKai. The value of pl was determined starting from pKa; and

pKa, using the Henderson-Hasselbalch equation.

3.5.6. Computational methods of Section 3.3.6

Indirect ] spin-spin coupling constants have been computed at the B3LYP-D3(BJ)/jul-cc-pVDZ level of
theory on top of B2PLYP-D3(BJ)/jun-cc-pVTZ reference geometries. Bulk solvent effects wete again
accounted for using CPCM (see Section 3.5.4). Only conformers within 10 k] mol™' above the global
energy minimum were considered. To compute the '"H and “C chemical shifts, methanol spectra were
simulated at the same level of theory as above and then used as the reference (‘H 3.34 ppm and “C ppm
49.50 ppm). For the “F nucleus, trifluoroacetic acid (TFA) was used as the reference (—76.55 ppm).
Spin—spin coupling constants were simulated with both the one-step (spin—spin) and the two-step
(mixed) procedures.'” All quantum-chemical computations have been petformed using the G16.C01

version of the Gaussian suite of programs.'”
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4.Metallaphotoredox catalysis

4.1. Introduction

Nature has been able to convert solar energy to chemical energy since much earlier than human
beings: oxygenic photosynthesis — the most widespread biochemical process on Earth — likely first
appeared about 2.5 billions years ago or even earlier."” In particular, through this process, sunlight is
“harvested” and used to drive endergonic chemical reactions. Specifically, sunlight photons can excite
the pigments — mainly chlorophylls — of photosystem II (PSII). Once in their excited states, they can
induce electron transfer phenomena (occurring along the so-called electron transport chain) leading to
the formation of highly energetic species.” The electron vacancies of PSII are promptly occupied by the
electrons arising from the water splitting reaction. This process is mediated by an oxygen-evolving
metallo-oxo cluster, containing four manganese ions (in oxidation states ranging from +3 to +4) and one
divalent calcium cation.>® However, only recently, laboratories all around the wotld have taken advantage
of light in order to promote new transformations, and photocatalytic organic reactions have been widely

investigated in the last decades.””

4.1.1. Photocatalysis

For a long time, direct excitation of one of the reactants by UV light represented the main
approach for the application of photochemistry in organic synthesis.'” The use of UV light has numerous
limitations and drawbacks, and most of them can be hardly overcome. Indeed, this approach is restricted
to a limited range of reactions, such as cycloadditions, Norrish-type reactions, sigmatropic
rearrangements. Moreover, the high energy of UV radiation is usually non-selective, favouring undesired
parasite decomposition pathways. The exploitation of visible light became possible with the advent of
photosensitizers, capable of absorbing visible light to promote photoinduced electron or energy transfer
processes. Without them, visible radiation usually has no interactions with the reaction partners, unless
the latter are decorated with visible-absorbing chromophores. At first, the deliberate use of visible light
to promote chemical reactions in a photocatalytic fashion represented a niche approach, with a very slow
development. The pioneering work of Kellogg and co-workers (1978) represents a first noteworthy
example: it exploited the ability of a ruthenium complex, namely [Ru(bpy)s]Clz, to act as a photosensitizer
in the reduction of phenacyl sulfonium salts using N-substituted 1,4-dihydropyridines as the terminal
reductant, through mechanisms involving “one electron transfer steps” (vide infra)."" In the following
years, other remarkable (often bioinspired)'” studies were published.”” This shift towards less energetic
radiations can overcome many issues linked to the use of UV light. First, inexpensive light sources,

particularly LEDs or even sunlight, can be employed. Furthermore, the absorption process is much more
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selective, with visible light being selectively absorbed by the photosensitizers, avoiding undesired
photodegradation pathways of reaction partners. The main benefit of photocatalysis is the easy access to
a wide range of otherwise-inaccessible interesting reaction intermediates (such as radical ions, diradicals,
excited species), in a sustainable way, with relatively mild reaction conditions. Generally, in the field of
traditional ground-state polar chemistry, such intermediates cannot be generated, or require prohibitive
conditions in terms of environmental sustainability.'* A noteworthy example can be found in the field of
traditional radical chemistry: for decades, the use of highly toxic tin compounds, such as Bu;SnH,
represented a major limitation for a wide application of such chemistry. This drawback was commonly
referred to as the so-called “tin tyranny”." The recent development in photochemical and photocatalyzed
processes enabled the overcoming of such disadvantages. In particular, most of such success depends on
the shrewd choice of the photosensitizer, according to the properties of its excited state (energy, lifetime
and redox properties). Metal-based photosensitizers, such as Ru(Il) and Ir(III) complexes, have long
excited-state lifetimes. Furthermore, their oxidized and reduced forms display high chemical stability,

'S However, ruthenium

contributing to the suitability of such photosensitizers in photoredox catalysis.
and iridium are heavy rare — thus very expensive — elements. The exploitation of photoredox catalysis
with metal-based photosensitizers made from Earth-abundant elements'’ was developed to reduce the
costs of photocatalytic strategies.'™'"” However, some drawbacks — such as supply (cobalt), efficiency
(iron), and toxicity (nickel, chromium) — still remain for some metals, limiting their application in large-
scale synthesis of active pharmaceutical ingredients (APIs).”*”" These limitations can be avoided moving
to organic dyes used as photosensitizers. Their properties can be easily tuned by simple modifications of
known structures,” with the help of state-of-the-art computational analyses.”**A comprehensive and
impressive review about organic photosensitizers was recently reported by Nicewicz.” According to the
aforementioned observations, merging photoredox catalysis with metal-mediated processes can appear
as a “devolution” at first glance, especially concerning the use of organic photosensitizers, since the main
goal of the change from metal-based photosensitizers to organic dyes was the avoidance of metal-related
drawbacks. However, such approach actually enables the generation of transient nucleophilic
organometallic species in a much different way from those previously reported in literature (vide infra).”
The first examples of dual photoredox catalysis involved rare-Earth metal based photosensitizers,
coupled to either palladium® or nickel.**” Many other metals, such as copper,” gold,” palladium,”

> and titanium,” were exploited in innovative dual photoredox catalytic

rhodium,” ruthenium,* iron,’
strategies involving metal photosensitizers. Eventually, even organic dyes were investigated to replace
expensive metal-based photosensitizers. Fortunately, they proved to be excellent photosensitizers in the
tield of synergistic photoredox metal catalysis, namely metallaphotoredox catalysis. Such approach has

reached nowadays a high level of complexity and broad application. For a clearer general picture to

understand the potential of photocatalysis, a preliminary analysis of the physico-chemical properties of
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photosensitizers is required. Such general picture is also useful to fully grasp the further evolution towards

metallaphotoredox catalysis, which will be analysed in detail in due time.

4.1.2. Photophysics and photochemistry of photosensitizers

Figure 4.1 shows the typical photocatalytic cycle, which has three main phases: (i) the excitation
of the photosensitizer, (ii) the interaction between the excited photosensitizer with a substrate, and (iii)
the regeneration of the photosensitizer in its ground state. Noteworthily, in some processes, the
photosensitizer behaves as a photoinitiator (i.e. it is able, upon light absorption, to initiate a cascade
reaction which can proceed without the photoinitiator itself, and even in the absence of light).”* Besides,
sometimes the photosensitizer restoration phase is not necessary, since the photosensitizer-substrate
interaction already regenerates the photosensitizer in its ground state (e.g. through energy transfer

processes, vide infra).”

hv

‘LHILLL'\ EXCITATION
/ PS*
substrate 1

reactive intermediate 1

RESTORATION

substrate 2

INTERACTION
P—
D

reactive intermediate 2
or side product

Figure 4.1: General catalytic cycle of a photosensitizer (PS). PS* denotes the photosensitizer excited state, while PSp denotes a deactivated
form of the photosensitizer.

Excitation step
The photoinduced excitation is a photophysical phenomenon occurring whenever a molecule absorbs a
sufficiently energetic photon: the irradiated molecule is hence promoted to one of its electronic excited

states (Figure 4.2). From now on, the specific case of a photosensitizer will be treated in details.
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Figure 4.2: Pictorial sketch describing the photoinduced excitation phenomenon (Ref. 10).

The physico-chemical properties of the excited photosensitizer are different with respect to those of the
photosensitizer in the ground state. Indeed, the excited state can be engaged in several processes (Figure
4.3): it can react in a photochemical reaction, or it can go back to the ground state, by either radiative

processes (such as luminescence) or non-radiative pathways (such as energy degradation to heat).

P Photoreaction
(chemical reaction)
ko
A+h A k A+h Luminescence
+ > > !
v Ml (radiative deactivation)
knr

A + heat Degradation to heat
(nonradiative deactivation)

Figure 4.3: Possible downstream processes of a molecule in its excited state (Ref. 10).

The best way to describe the possible downstream events upon photon absorption by a photosensitizer
is the Jablonski diagram (Figure 4.4). Generally, the ground state is a singlet state (So, closed-shell species)
and the photon absorption causes the photosensitizer to be promoted to any of the vibrational levels
belonging to any of the excited singlet states. After a few picoseconds, the excited photosensitizer reaches
the lowest vibrational level of the lowest singlet excited state (S1). Then, the range of possibilities widens:
the photosensitizer ground state Sy can be restored either by photon emission (fluorescence) or by non-
radiative thermal decay. Otherwise, it can reach any of the vibrational levels belonging to any of the
energetically-close triplet excited states through a non-radiative process (namely intersystem crossing,
ISC), and then it rapidly relaxes to the lowest vibrational level of the lowest triplet excited state (T1). From
there, the photosensitizer ground state Sy can be restored according to the aforementioned mechanisms
reported in the case of S;. In this case, however, the radiative decay is called phosphorescence. It is worth
mentioning that the transition T1—>S is spin-forbidden. Hence, the lifetime of T} is much longer than

that of Sy (microseconds vs. nanoseconds, respectively).
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Figure 4.4: Jablonski diagram. The acronyms v.r., i.c., and is.c. stand for vibrational relaxation, internal conversion, and intersystem
crossing, respectively (Ref. 10).

According to this description, the photocatalytic approach requires the photoreactive process (see Fig.
4.3) to be favoured with respect to the other decay processes. Moreover, in most cases the excited
photosensitizer can engage a bimolecular process with a suitable substrate either in its S; or T state. Since
such bimolecular process is ruled by statistics, the lifetime of the photosensitizer excited state represents

a pivotal parameter. It is defined as (cf. Figure 4.3):

1

T(*A) = =
CA) kp +kp + Kpy ijj

(4.1)

where ki, ki, and ki, are photoreaction, radiative, and non-radiative kinetic constants, respectively. The
PS lifetime has to be long enough to enable the photosensitizer-substrate interaction. Finally, for each
specific downstream event (with respect to the photon absorption phenomenon), the quantum yield ®@;

can be defined as:

_ N?of molecules undegoing the process i

7 Neof photons absorbed by the reactant (4.2)
The two definitions of Equations 4.1 and 4.2 enable the exhaustive description of some important
photophysical properties of the photosensitizer, essential to interpret the outcome of a photocatalytic
process. The photosensitizer-substrate interaction involves either the PS §; state, or the T} one. In both
cases, the lifetime of the excited state has to be as long as possible, since short-lived excited states (less
than 1 ns) cannot undergo photoreactive processes. Assuming that non-radiative processes for the decay

of PS* are usually negligible, S; lifetime coincides with the fluorescence timescale (151 = t¢), while Ty

lifetime coincides with the phosphorescence timescale (tr1 = 1;,). The ideal photosensitizer involving a Si-
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substrate interaction should have long fluorescence timescales and a high fluorescence quantum yield ®¢
(i.e. as close to unity as possible). Indeed, ®¢ ~ 1 means that almost all the S; molecules, with no available
substrate, decay back to the ground state radiatively, while ®¢ < 1 means that non-radiative processes
compete with fluorescence. The ideal photosensitizer involving a Ti-substrate interaction should have a
highly efficient intersystem crossing (high value of kisc) so that this process can compete with
fluorescence.”’ The efficiency of such process is increased when (a) heavy-atom molecules are involved;"
(b) the involved electronic states are energetically close to each other; () the transition involves a change
of orbital type (El-Sayed rules).” If kisc is much higher than ke, the intersystem crossing quantum yield
Di5c is very close to unity, meaning that almost all the excited PS molecules are in the T} state, whose
lifetime is usually long enough (up to microseconds, vide supra) to enable the desired photochemical

processes. Another important parameter is the radiation wavelength corresponding to the PS absorption

maximum, namely A2, The choice of the radiation source depends on this parameter. Indeed, a

sufficiently large overlap between the emission spectrum of the radiation source and the PS absorption

one is required. Besides, A2, is important to evaluate the energy of the PS excited state: the higher A253, |

the lower the energy of the excited state.

Interaction step

The second phase of the Figure 4.1, namely the interaction step, is a bimolecular PS-substrate process.
This represents a pivotal stage, since it rules the reactivity type of the whole photocatalytic reaction.
Generally, four different paths are available for the PS-substrate interaction (Figure 4.5): (i) electron
transfer (usually by single electron transfer, namely SET), (if) atom transfer (either a hydrogen or a

43 44

halogen, namely HAT and XAT, respectively),”* (iii) energy transfer (ET),”* and (iv) proton-coupled

electron transfer (PCET).*
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Figure 4.5: Main available paths for PS-substrate interaction.

The experimental studies to assess the involved mechanism are often non-trivial. However, SET

mechanism is by far the most common, and photocatalytic processes based on this mechanism belong

to the so-called photoredox catalysis. Indeed, PS* is both a better oxidant (i.e. it has a higher electron

affinity, EA) and a better reductant (i.e. it has a lower ionization potential, IP) than PS ground state.

Hence, the unfeasibility of endergonic transformations can be overcome by adding photons as active

“ingredients”: absorption processes raise the energy of the system, which can then evolve through a

cascade of exergonic transformations. This is clearly depicted in Figure 4.6.
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Figure 4.6: Changes of redox properties upon photon absorption.
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The knowledge of PS* redox potentials, to be compared to those of the substrate, is a fundamental a-

priori thermodynamic base to conceive and develop photocatalytic strategies involving reactive species,
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such as radicals, radical anions, and radical anions. Whenever these redox potentials are not available in
literature, they can be experimentally determined through specific electrochemical measurements, such
as cyclic voltammetry.”” However, good approximations of PS* redox potentials can be obtained from
the ground state redox potentials (which are usually known), using the Rehm-Weller equations, valid

when both PS/PS* entropy difference and Coulombic interactions can be neglected.*

E%(A-'-/A*) = E%(A"'/A) - EOO (4'3)

E%(A*/A_) = E%(A/A_) + Ego (4.4)
where Eqo refers to the energy difference between the lowest vibrational state of the excited state (either
Si or T1) and the lowest vibrational state of the ground state. Starting from the PS absorption spectrum,
Eqo can be roughly estimated as the energy corresponding to the long wavelength tail (Auy)."” With a more
precise geometrical approach, Eo can be determined as the energy corresponding to the intersection
point (Ageom) between the x-axis and the line tangent to the spectrum in the long wavelength with 10% of

Emax, 1.€. the A?,E’;X molar attenuation coefficient (Figure 4.7).

€max

10% €max

' : >
)‘max kgeom 7\13”

Figure 4.7: Graphic strategies for the evaluation of Eqo starting from the PS absorption spectrum.

Otherwise, by comparison with the PS emission spectrum, Egq can be estimated as the energy

corresponding to the midpoint wavelength (Ai/2) of the Stokes shift (Figure 4.8).
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Stokes shift

-

Mmax M2 Amax
Figure 4.8: Evaluation of Ego using the Stokes shift. The absorption spectrum is black, while the emission one is red.
The common nomenclature denotes the PS-substrate interaction process as quenching. The substrate is

hence referred to as quencher. Depending on whether the photosensitizers is oxidized or reduced by the

quencher, the process is called oxidative quenching or reductive quenching, respectively (Figure 4.9).

REDUCTIVE OXIDATIVE

QUENCHING QUENCHING

o+ EXCITATION .-
Q Reductive ’ . Oxidative Q

quenching | quenching
cycle : cycle
R : R
OXIDATIVE REDUCTIVE
RESTORATION RESTORATION

Figure 4.9: General mechanism of photoredox catalytic processes. Q and R stand for quencher and restorer, respectively.

The quenching phenomenon can be analysed through quenching experiments,” based on the Stern-
Volmer linear relationship:

Iy

1= 1+ kq10[Q] (4.5)
where Iy is the emission intensity without the quencher, I is the emission intensity in the presence of the
quencher, kq is the quenching constant, 1o is the excited state lifetime without the quencher, and [Q] is
the concentration of the quencher. During standard Stern-Volmer experiments, the intensity of the
emitted radiation is measured at different quencher concentrations, and the data (I/I, vs. [Q)]) ate plotted
according to Equation 4.5. The quenching constant is determined starting from the slope of the linear

fit. In the case of a photocatalytic reaction, the measurements are repeated for all the reaction partners:

that with the highest quenching constant is the best candidate to be the actual quencher in the reaction
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conditions. This information is indeed very precious to unveil the overall reaction mechanism. It is worth
mentioning that the original Stern-Volmer equation involves lifetimes instead of emission intensities (i.e.
the left-hand side of Eq. 4.5 is 10/7). Indeed, some photocatalysts are charactetized by non-emissive
excited states, thus requiring different experimental techniques, e.g. laser flash photolysis, for the kinetic

analysis.”>!

Further insights on the involved mechanism can be achieved performing important control experiments.
For instance, the possible formation of free radicals during the photocatalytic reaction can be probed
adding radical traps (such as TEMPO or PNB) to the reaction mixture. If any radical intermediate is

formed during the reaction, it is trapped by such additives and the reaction cannot proceed.

Restoration step
After the PS-quencher interaction (unless it occurred via ET, vide supra), the PS ground state can be
restored in several ways.”” The most common testoration phenomena ate the following:

1. Restoration by a reaction intermediate. With reference to Figure 4.9, an oxidative quenching
process must be followed by a reductive restoration process, while a reductive quenching must
be followed by an oxidative restoration.

2. Restoration by a co-catalyst, e.g. a metal complex or an organocatalyst-derived species.

3. Restoration by a stoichiometric reactant. The latter can be either a sacrificial agent or a reaction
intermediate derived from the reaction substrate. Otherwise, the restorer can be another substrate
that is involved in the overall reaction.

4. FElectrochemical restoration with an electrode.

The restoration step is required to close the photocatalytic cycle, thus ensuring the catalytic turnover. If
none of the aforementioned restoration mechanisms occurs, the reaction cannot proceed further. To
understand the importance of the restoration step, two remarkable literature examples of photocatalytic
cycles are reported in Figure 4.10. These examples are indeed very useful to catch the general picture
provided by Figures 4.1 and 4.9. In particular, concerning the aforementioned pioneering work of
Kellogg and co-workers for the reduction of phenacyl sulfonium salts (Figure 4.10A)," the restoration is
guaranteed by a stoichiometric reactant, i.e. the phenacyl sulfonium ion itself. Noteworthily, the proposed
quencher is a catalytically generated intermediate that is not present at the start of the reaction. Hence, it
must be initially generated via an alternative pathway: a likely route is direct photoexcitation of the
terminal reductant — which itself absorb in the visible region, followed by SET to the phenacyl sulfonium.
The quenching of the photosensitizer by a catalytically generated intermediate is a feature of many
photoredox reactions. On the other hand, in the photoredox organocatalytic protocol reported by
Nicewicz and MacMillan (Figure 4.10B),” the restorer is a reaction intermediate belonging to the

organocatalytic cycle.
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Figure 4.10: (A) Photoredox reduction of phenacyl sulfonium salts (Ref. 11). (B) Enantioselective alkylation of aldehydes via photoredox

organocatalysis (Ref. 53). The quencher is red, while the restorer is blue. The redox potentials of the photosensitizer are referred to the

standard calomel electrode (SCE).
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4.1.3. Common photosensitizers
Figure 4.11 lists some common photosensitizers used in photocatalysis. An exhaustive review
summarizing the photophysical and electrochemical properties of more than 200 photosensitizers was

recently published by Wu and co-workers.™
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Figure 4.11: Selected photosensitizers.

In particular, since the dawn of organic photoredox catalysis, several classes of organic dyes have been

synthesized, studied, and used to promote light-mediated processes. Amongst them, cyanoarenes,”

flavins,* xanthenes,” and thiazines,” represent noteworthy examples.” To date, only some of them have

been merged with metal catalysts for metallaphotocatalysis.

4.1.4. Merging photocatalysis and metal catalysis

A short mention to the importance of metal catalysis on its own is appropriate to understand the

historical basis for the birth of metallaphotocatalysis. Indeed, in the last decades, broad and accurate
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studies have been devoted to metal catalysis, which rapidly became one of the most used synthetic tools

® The catalytic properties of metals (especially transition metals) relies on their

in organic synthesis.
capability to shuttle between different oxidation states. In particular, they can engage SET processes.”
Moreover, as discussed above, some metal complexes display photoredox properties. The previous
observations represented strong premises for the possibility of merging photocatalysis and metal catalysis,
with the aim of exploting new synthetic tools.” It is worth mentioning that, in addition to the common
photoinduced electron transfer, energy transfer represents a rather important alternative mechanism
ruling the interaction between the photosensitizer catalytic cycle and the one of the metal-based catalyst.”
Several parameters, correlated to the coulombic or exchange mechanism, can influence the rate of energy
transfer.'”” Regardless the interaction mechanism, the main prerequisite is that the excited state of the
photosensitizer lies at higher energy than the excited state of the metal-based catalyst to be populated.
However, metallaphotoredox catalysis specifically deals with photocatalytic processes based on
photoinduced electron transfer.” In particular, the interplay between photo- and metal catalytic cycles is
possible with metals characterized by several stable oxidation states, such as those which have been
extensively used in catalytic protocols, and hence have been recognized for their scientific and societal
impact.”>%

In general, two main interaction mechanisms can be identified (Figure 4.12): (i) the photocatalytic cycle

promotes an unfavoured phase of the metal catalytic cycle; (i) the photocatalytic cycle generates an

intermediate which is engaged in the metal catalytic cycle to form the final product.

PS sub — PS |—>int.

sub QA(;/ prod prod «—— MC

Figure 4.12: Interaction mechanisms between the photocatalytic cycle and the metal catalytic cycle. PS and MC stand for photosensitiser

and metal catalyst, respectively.

The catalytic cycle of one of the pioneering works in the field of metallaphotoredox catalysis should give
a clear picture of how photo- and metal catalytic cycles can interact with each other. Figure 4.13 depicts
the dual palladium-photoredox-catalysed C—H functionalization reaction reported by Sanford and co-

workers in 2011.7
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Figure 4.13: Dual palladium-photoredox-catalysed C—H functionalization reaction (Ref. 27).In this case, the photosensitizer
undergoes oxidative quenching, enabling the formation of an aryl radical starting from the aryldiazonium
tetrafluoroborate, acting as the quencher. The palladium catalyst shuttles between three different

oxidation states, i.e. Pd®, Pd® and Pd™".

4.1.5. C—=C bond formation: the case of carbony! allylation reactions

In recent years, photoredox catalysis has proved to be an effective and practical synthetic tool to
perform C—C and C=X (X = O, N, S, P) bond-forming reactions.*” Metallaphotoredox catalysis, first
pioneered by Sanford,”” MacMillan-Doyle, and Molander,” has enabled a step forward, considerably
expanding the repertoire of reactivity and scope, through the development of new, mild, and interesting
transformations. In particular, cross-coupling reactions represented a good playground for the
application of metallaphotoredox catalysis.” An important mechanism of metallaphotoredox catalysed

6 -

cross-coupling reactions is the so-called radical to polar crossover (RPCO),” involving either carbanions™

ot carbenium ions,” formed upon reactions between photoredox-generated radicals and metallic species.

Among the plethora of possible reaction partners, carbonyl compounds represent an interesting case in
the field of C—C bond-forming reactions. Traditionally, they are used as suitable substrates (electrophiles)

for the addition of stoichiometric organometallic reagents (nucleophiles). The carbonyl allylation
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reaction, with particular reference to aldehydes as starting materials (for the synthesis of homoallylic
alcohols), is an attractive protocol. Indeed, the alcoholic homoallylic moiety can be found in many natural
compounds.”” Besides, homoallylic alcohols are valuable intermediates for total syntheses.”"” At the
beginning of last century, the first developed allylation protocols involved either the stoichiometric use
of allylic Grignard reagents, or the in situ generation of allylic nucleophiles via Barbier conditions, i.e.
starting from allyl halides and metal overstoichiometric sources. Such strategies are still widespread, but
their many drawbacks — such as the large production of metallic waste, low compatibilities with several
functional groups, and low stereoselectivity — pushed organic chemists towards alternative
methodologies. Eventually, excellent chemo- and enantio-selectivities were achieved by the use of many
different metals,” ending up with long-sought catalytic approaches.” Even in the specific case of catalytic
Barbier-type methodologies, however, albeit the nucleophilic organometallic species are generated in a
catalytic fashion, stoichiometric sacrificial reductants — usually metals in low oxidation states — are still
required to close the catalytic cycle, causing the high production of metallic waste. Moreover, other

sacrificial reagents, namely scavengers, are often required to guarantee the turnover of the metal catalyst

(Figure 4.14).%%%
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Figure 4.14: Barbier-type reaction for the generation of transient nucleophilic organometallic species: the general case of nucleophilic
addition to carbonyl compounds. In particular, in the case of allylation, the green substituent is an allyl group. Besides the use of a
stoichiometric amount of sacrificial reductant, scavengers such as trimethylsilyl chloride (TMSCI) are usually required to guarantee the
turnover of the metal catalyst.

It is worth mentioning some remarkable examples (the allylic source and the employed metal are reported
in parenthesis): Nozaki-Hiyama allylation (with allyl halides, stoichiometric in chromium),* Hosomi-
Sakurai allylation (with allylsilanes, stoichiometric in titanium),*” Brown allylation (with allylboranes, no

metals required),** Roush allylation (with allylboronates, no metals required),”*

Carreira allylation (with
allylsilanes, catalytic in titanium),” Keck allylation (with allylstannanes, catalytic in titanium),* Krische
allylation (with allyl acetate, catalytic in iridium),” Leighton allylation (with allylsilanes, no metals

required),” and Hoveyda allylation (allylation of imines, with allylboronates, catalytic in copper).”
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So far, most allylation protocols involved the classical electrophile-nucleophile reactivity, together with
the use of metals. Recently, however, the interest for alternative methodologies involving radical
pathways kept growing,” aiming at expanding the scope,” increasing the functional group tolerance, and

developing new synthetic strategies for otherwise-inaccessible compounds (Scheme 4.1).

i e B e

Scheme 4.1: Classical polar approach vs. radical approach for the allylation reaction of aldehydes. LG stands for “leaving group”.

Moreover, typical polar chemistry is limited to the use of allylic electrophiles (such as allyl halides), while
radical protocols disclose the use of less activated reaction partners, such as those with allylic C—H,
allenes, 1,3-dienes. Indeed, first photocatalytic allylation protocols belong to such radical approach.”
Until a few years ago, two main photochemical strategies have been employed for the activation of
carbonyl compounds (Scheme 4.2): (i) ketyl radical formation followed by a radical-radical coupling, (ii)

direct radical addition to the carbonyl compound, with the formation of an alkoxy radical.

OH e o R o) e’ OH R OH
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Scheme 4.2: Main radical strategies for the allylation of carbonyl compounds.

The first strategy relies on the relative persistency of aromatic ketyl radicals,” which enables their coupling
reaction with other transient radicals in solution. Some noteworthy examples were reported by Chen and

co-workers in 2016,” and by K6nig and co-workers in 2018.

The remarkably high reduction potentials
of aromatic carbonyl compounds represented a major issue of this strategy: strongly reducing reaction
partners (not so easily available) are required, and their high reactivity often promotes undesired parasite
reactions. Moreover, the reduction potentials are even higher for aliphatic carbonyl compounds, and the

obtained aliphatic ketyl radicals are too reactive to be sufficiently persistent. The second approach has

been rarely applied so far. The direct radical addition to a carbonyl is thermodynamically unfavoured and

reversible. Indeed, the resulting oxygen radical is highly unstable and rapidly decomposes via C—C -

1% ysing the so-

scission.”””® Glorius and co-workers were able to control this decomposition pathway,
called electron/hole catalysis."” The protonation of carbonyl oxygen favours the radical addition with
the formation of the desired product. Unfortunately, any attempts to perform this strategy in a
stereocontrolled fashion have failed so far.

The aforementioned RPCO strategy appeared again with the advent of metallaphotoredox catalysis,
starting from 2017.'% Its reductive version (RRPCO) has been successfully employed for decades.
Remarkable examples are the samarium-mediated Barbier-type coupling reactions reported by Kagan and

Molander.'"'™* This strategy relies on the formation of a carbanion (usually as a nucleophilic

organometallic species) through the reduction of a radical intermediate generated in situ (Scheme 4.3).
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Scheme 4.3: RRPCO strategy. The left-hand species can even be electrophilic, hence this strategy enables the formal reaction between two
electrophiles.

Almost simultaneously, starting from 2018, several photocatalytic Barbier-type allylation reactions under

1 105,106 107-109

RRPCO conditions were described, with the involvement of nickel, 36,110

chromium, titanium,

109,112 1113

and cobalt.""" Stereoselective versions with chromium and nickel ~ were also developed. The latter
achievements proved that asymmetric approaches can be developed also using photoredox conditions,
in the presence of metals. One of the main drawbacks of classical Barbier-type reactions, i.e. the
production of large amounts of metallic waste, is avoided using photoredox Barbier conditions, since
metal co-reductants (such as Mn or Zn) are no longer required. Depending on the allylic source, sacrificial
reducing agents — such as organic molecules, e. g. an amine (DIPEA or TEA) or Hantzsch’s ester — may
be necessary to ensure the turnover of the photoredox cycle. This is not the case for the reported
examples involving chromium: the allylic sources are unfunctionalized alkenes with hydrogen atoms in
allylic positions, requiring a C—H activation step, which in turn avoids the need for sacrificial reducing

agents (Figure 4.15).
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Figure 4.15: Top: general RRPCO strategy via C—H activation for the allylation reaction of aldehydes. The first step (indeed a PCET)
ensures — with the mediation of the photosensitizer — the turnover of the metal catalytic cycle, through the restoration of the original Mn

oxidation state. No sacrificial reducing agents are thus required. Bottom: diastereoselective allylation of aldehydes by dual photoredox and
chromium catalysis, reported by Glorius and co-workers in 2018 (Ref. 107).
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On the contrary, in the case of nickel, cobalt, and titanium, the catalytic cycle is feasible with the use of
an organic reducing agent: the allylic sources are allyl halides/acetates, and the missing H is supplied by

the reducing agent (Figure 4.16).

Mmn-1 _MMTX
+e~ (or none) M+ 1x +H+
4
RRPCO
o Cp,TiCl, 10 mol% OH
3DPAFIPN 5 mol%
g + XN gt - R)\_/\
R HE 2 equiv. Y

1 equiv. 3 equiv. THF, visible light

2[Cp,TiX,]  3DPAFIPN

Erd=-159V
0 EX=+1.30 V
i *Ered = +1.09 V
R *E* = -1.38 V
AN n1 + [CpaTiXy)
CpoXTi R! zre 3DPAFIPN*
N
2[Cp,TiCl] 2 X
+2X° [3DPAFIPN]'+ or .. J
1 X and HE
XN i PRES
HE*+ 3DPAFIPN
H* + e~
EtOOC COOEt EtOOC COOEt EtOOC COOEt
. ET — + II
N
HE ot

Figure 4.16: Top: general RRPCO strategy via metal insertion into the C—X bond for the allylation reaction of aldehydes. With no SET
events during the first step, the insertion is indeed a classical oxidative addition, with the metal oxidation state being increased by two.
Regardless this detail, a sacrificial reducing agent (also acting as a proton source for the last step) is required to ensure — with the mediation
of the photosensitizer — the turnover of the metal catalytic cycle, through the restoration of the original M1 oxidation state. Bottom:
Cp2TiClz-catalysed photoredox allylation of aldehydes, reported by Cozzi and co-workers in 2020 (Ref. 110).

All the reported allylation reactions are performed in the presence of a photosensitizer (either an iridium
complex or an organic dye). However, Gansiuer has recently pointed out that titanium complexes
themselves can act as photosensitizers and catalyse some reactions under precise conditions (green light

14 and similar behaviours were observed with some iron cornplexes.115 Even some nickel

irradiation),
complexes display photocatalytic properties when irradiated with lower wavelengths.''® Nevertheless, no
photoredox allylation protocols exploiting the use of Ti/Fe/Ni complexes as photosensitizers have been
reported so far. Finally, it is worth mentioning that numerous water-compatible non-photocatalytic

Barbier-type teactions have been optimized with certain types of metals, such as zinc,'” indium,""*

bismuth,'”” and gallium," using allyl halides as the allylic source, but even in these circumstances the high
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Metallaphotoredox catalysis

production of metallic waste cannot be avoided, since overstoichiometric metal reductants are still
required. As explained before, metallaphotoredox catalysis represent a straightforward strategy to avoid
this issue. However, its application in aqueous media is still a largely unexplored area: most of the reported

photocatalytic strategies in water have nothing to do with metal catalysis.'*"'*

4.2. Aim

The development of sustainable green methodologies is nowadays the main guideline of modern
synthetic organic chemistry. Hence, the replacement of toxic transition metals with easy-to-handle non-
toxic ones was studied as a highly desirable goal. As already mentioned, this step forward is appealing
also in the specific case of photocatalytic Barbier-type allylation reactions, since they can be performed
using metal-free organic photosensitizers. The reported use of non-toxic metals in some non-
photocatalytic water-compatible Barbier-type allylation reactions (vide supra) makes water a desirable co-
solvent for the optimization of even greener metallaphotoredox strategiesﬂL In light of all this, bismuth

was chosen as the metallic catalytic partner. Indeed, bismuth-mediated Barbier-type allylation reactions

122124 o catalytic in bismuth.'” When needed, the most

have been already reported, either stoichiometric
common terminal stoichiometric reductants were iron, aluminium, zinc, and NaBH,.'"” In the case of
aromatic aldehydes, the undesired pinacol coupling reaction between ketyl radicals (via PCET
mechanism, vide supra) represents a possible major drawback of the bismuth-mediated allylation reaction
in its photocatalytic version, especially if acidic conditions are required to ensure the turnover of bismuth

catalyst. This issue made the reported optimization study even more challenging. Finally, future

perspectives concerning other electrophiles as suited substrates will be also discussed.

T Some further comments about sustainability can be found in Section 4.4.
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Photoredox Bi-mediated allylation reaction in aqueous media

4.3. Results and discussion — Photocatalytic Bi-mediated allylation

reaction in aqueous media

Bismuth is an Earth-abundant metal, and its only natural isotope, i.e. *”Bi, is considered as the

126

heaviest stable isotope.® Contrary to the surrounding elements on the periodic table, bismuth is

inexpensive and relatively non-toxic.'”'** Some bismuth compounds are indeed widely used as valuable

129,130

drugs. These features make bismuth a good candidate for green and sustainable processes, replacing
transition metals commonly used in catalysis, such as palladium and nickel." Organobismuth compounds

are either trivalent or pentavalent (Figure 4.17), although some examples of tetra- or hexa-coordinated
species have been reported, and generally show low toxicities. Gagnon and co-workers have recently

published a comprehensive review on the synthesis and reactivity of organobismuth compounds.™

Bi.. R—Bi"
o
R/ \RR ‘\

Figure 4.17: General structures of trivalent (left) and pentavalent (right) organobismuth compounds.

In terms of synthetic organic chemistry, organobismuth compounds have been mainly used as arylating

agents, starting with the pioneering works of Barton and co-workers in the 1980s (Scheme 4.4)."

Ph3Bi 1.2 equiv.
H Cu(OAc), 0.5 equiv. Ph

H CH,Cly H

Scheme 4.4: Phenylation of amines by Ph3;Bi and Cu(OAc), (Ref. 132).

Numerous compounds were found to be suited substrates for arylation with organobismuth compounds:
diols, alcohols, amines, amides, carbamates, heterocycles with a pyrrolic nitrogen, phenols, and active-
methylene compounds were employed to form C—C, C—0O, C—S, and C—N bonds."” Since the active
arylating species is a pentavalent organobismuth species, an external oxidant is required when a trivalent
organobismuth compound is used. These arylation reaction can be either acid- or base-catalysed. In some
cases, similarly to what is observed for other coupling reactions, e.g. Ullmann and Chan-Lam couplings,
catalytic amounts of copper salts are required. In most cases, the involved trivalent organobismuth
compound can give away only one of the three substituents, but there are some remarkable exceptions."*
Recently, the ability of bismuth compounds to shuttle between different oxidation states — bismuth has
four easily-accessible oxidation states (+1, +2, +3, +5) — has been extensively studied, with the aim of
investigating the possibility of replacing transition metals with bismuth compounds in redox processes."”

However, the bismuth redox chemistry still remains largely unexplored, and only very few redox cycles

T Some further comments about sustainability can be found in Section 4.4.
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are known and have been investigated with satisfying experimental evidences. In 2018, Coles and co-
workers developed an oxidative coupling between TEMPO and phenylsilanes, exploiting a Bi(IT)/Bi(I1I)

catalytic cycle, the first accurately-described bismuth-based catalytic cycle."

This work represented the
first example of dehydrosilylation reaction catalysed by a main-group metal. Besides, it provided an
interesting experimental evidence of a Bi(Il) species engaging a radical oxidative addition. In 2019,
Cornella and co-workers exploited a Bi(I)/Bi(III) cycle to promote a transfer-hydrogenation reaction of
azo- and nitro-arenes with ammonia-borane complex.'”” The first examples of Bi(III)/Bi(V) cycles were
reported in 2020. Ball and co-workers developed a bismuth-mediated ortho-selective arylation of phenols
and naphthols with boronic acids, exploiting a B-to-Bi transmetalation step involving a Bi(Ill)
intermediated.” Upon oxidation with an external oxidant, the resulting Bi(V) species can undergo a
reductive coupling between ligands to afford the desired product. Cornella and co-workers reported a
fluorodeborylation of boronic esters.'” In this case, the bismuth complex show a similar behaviour to
that observed for transition-metal complexes in traditional coupling reactions: transmetalation, oxidative
addition, and reductive elimination. Very recently, Cornella and Moon have presented an exhaustive
overview on bismuth redox catalysis, highlighting the twofold nature of bismuth, which can be engaged
either in low-valent catalysis, involving Bi(II) /Bi(III) or Bi(I)/Bi(IIl) shuttling, ot in high-valent catalysis,
involving Bi(IIT)/Bi(V) cycles.""

141,142 make

All the aforementioned features of bismuth, together with its reported use in aqueous media,
it an appealing metal to be used as metal catalyst in new metallaphotoredox synthetic approaches, with

particular reference to carbonyl allylation reactions.

4.3.1. First things first: the choice of the photosensitizer

For a long time, ruthenium and iridium complexes (vide supra) have been by far the most
employed photosensitizers in photocatalysis. An outstanding number of Ir- and Ru-based
photosensitizers — with different photophysical and electrochemical properties (with particular reference
to the redox potentials) — have been prepated and characterized so far.”* In particular, most of them have
strongly reducing excited states. The latter is a highly desirable property for the generation of metallic
species in low oxidation states in catalytic Barbier-type conditions. Nevertheless, no sure a priori
evaluations can be made, and the suitable photosensitizer can be found only by means of optimization
studies, also taking into account the possibility of varying the reaction conditions. However, the
exploitation of such photosensitizers clashes with many sustainability principles, such as the need to
reduce as much as possible the use of metals, in order to avoid difficult removal processes from the final
product. Moreover, Ru and Ir are rare and expensive metals, whose utilization in process and medicinal
chemistry increases the prices of the final products. Hence, many efforts have been made to develop new

photosensitizers, either changing the metal (Cu-"* and Fe-based'® photosensitizers have been reported)
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Photoredox Bi-mediated allylation reaction in aqueous media

or switching to organic dyes. Until recently, the main drawback of the latter was their hardly tuneable
redox potential. However, in 2018, Zeitler and co-workers presented a work describing their attempt to
overcome this drawback, through the development of a peculiar class of organic photosensitizers based
on either isophthalonitrile- or benzonitrile-type scaffolds,” starting from the well-known 4CzIPN
described by Adachi in 2012.* Shrewd modifications of the substitution pattern enabled the fine
modulation of redox properties (Table 4.1): the variations of the electron-acceptor substituents (e.g.
halogen atoms and CN) affect the energy of the LUMO, while those of the electron-donor substituents

(e.g. carbazolyl and diphenylamino groups) affect the energy of the HOMO (vide supra).

X

Table 4.1: Redox potentials of the photosensitizers examined by Zeitler and co-workers>5 All the values are reported
in V vs SCE (standard calomel electrode). Measurements were performed in MeCN, unless otherwise specified. The
general structure is reported above for sake of clarity (see table notes).

Photosensitizetlsl | Ey/, (PC*/PC*) | Ey/; (PC*/PC) | Eij2 (PC*/PC) | Ei (PC/PC)

4CZIPNII ~1.18 +1.43 +1.49 —1.24
3DPAFIPNI¢] ~1.38 +1.09 +1.30 ~1.59
5CzBNII ~1.42 +1.31 +1.41 ~1.52
3DPA2FBNIe ~1.60 +0.92 +1.24 ~1.92
3CzCIIPNIel -0.93 +1.56 +1.79 ~1.16
3DPACIIPNI ~1.34 +1.24 +1.31 —1.41
4MeOCzIPNIil ~1.50 +1.27 +1.11 ~1.34
5MeOCzBNIkf -1.79 +1.15 +1.02 ~1.66

[a] The numbers reported in the acronyms denote the number of substituents, not their positions, which are instead
determined as follows: with reference to the above-reported general structure, the numbering starts from the CN-
bearing carbon (numbered as 1) and proceeds counterclockwise. The substitution patterns are accordingly reported
in the following. [b] X = carbazolyl group (Cz), Y = CN. [c] X, X4, Xs = NPhy, X5 =F, Y = CN. [d] X, Y = Cz.
[e] Xz, X4, X() = Nphz, X5, Y =F. [f] Measured in CHzclz. [g] Xz, X4, X() = CZ, Xs = Cl, Y = CN. [h] Xz, X4, X(,
= NPhy, X5 = CL, Y = CN. [i] X = 3,6-dimethoxy-Cz, Y = CN. [j] Measured in MeCN/CHCl, 5:1 v/v. [k] X, Y
= 3,6-dimethoxy-Cz.

It is worth mentioning that these photosensitizers can be synthetized with a single step starting from
commercially available starting materials, such as tetrachloroisophthalonitrile, tetrafluoroisophthalonitrile

and pentafluorobenzonitrile (Scheme 4.5).
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.
S e

H NC CcN

Cl
3.5 equiv. 2. O O
Cl Cl

Cl
1 equiv.

18
3CzCIIPN
Scheme 4.5: Selected synthesis of an organic dye: 3CzCIIPN starting from carbazole and tetrachloroisophthalonitrile.

Some of these photosensitizers have been already used to promote the metallaphotoredox allylation of

110

aldehydes, using allyl bromide as the allylic source (vide supra, Figure 4.16)."" The general allylation

reaction under metallaphotoredox conditions is reported in Scheme 4.6.

metal catalyst 10 mol%
photosensitizer 5 mol% OH

(0]
| + AN -
F{) Br sacrificial organic reductant R)\/\
solvent, visible light

Scheme 4.6: General allylation reaction under metallaphotoredox conditions.

An important drawback of this class of photosensitizers is that, in the presence of aromatic aldehydes,
they can promote — in the presence of a suited sacrificial reductant — the uncatalyzed pinacol coupling
reaction even in the presence of the metal catalyst. Indeed, a pinacol coupling reaction mediated by
4CzIPN was recently reported."* According to this work, the photosensitizer in its reduced formed
(generated upon reductive quenching by Hantzsch’s ester 21) is able to promote the formation of the
ketyl radical (Figure 4.18). This process is also eased because of the formation of a hydrogen-bonded
complex between the aldehyde and the radical cation of 21. This lowers the reduction potential of the

aldehyde, thus favouring the formation of the respective ketyl radical.
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l 4CzIPN

BLUE LIGHT
IRRADIATION 0

OH
4CZIPN* ! \
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EtOOC COOEt . S
] diastereomeric mixture
1:1 d/l:meso
N

H

H* +e”

H H H H

EtOO0C < COOEt EtOO0C < COOEt EtO0C N COOEt EtO0C N COOEt
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N N N N
H H H
21 H-

Figure 4.18: Photocatalytic pinacol coupling reaction of aromatic aldehydes mediated by 4CzIPN (Ref. 144).

In order to avoid this undesired reaction, the reducing forms of the photosensitizer (PS* and PC™) must
have not excessively high redox potentials compared to those of aromatic aldehydes: both Ei
(PC"/PC*) and Ei» (PC/PC") should be as low as possible (in absolute value). Among the
photosensitizers reported in Table 4.1, 3CzCIIPN 18 represents the best choice. It can be easily prepared
in a single step from commercially available carbazole and tetrachloroisophthalonitrile (vide supra).

As far as bismuth redox potentials — especially those referring to the reduction of commercially available

145,146

Bi(Ill) sources — are concerned, very few literature data are available, but they are easily accessible

when compared to those of the aforementioned reducing PS forms.

4.3.2. Optimization of reaction conditions

The optimization study for the bismuth-mediated allylation protocol (vide supra, Scheme 4.6)
was performed using 4-chlorobenzaldehyde as model substrate. The first studied parameter was the
reaction solvent (Table 4.2). Water was used as co-solvent according to other reported water-compatible
non-photocatalytic bismuth-mediated allylation protocols under Barbier conditions, but also in analogy
to what has been observed in the case of a cobalt-mediated metallaphotoredox allylation reaction,

reported by Cozzi and co-workers in 2020.""
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Table 4.2: Screening of reaction solvents.

EtOOC COOEt
||
~o Br I,\I

= H

3 equiv. . on o O o
o o
o BI(OTfg (10 mol %) o o o
456 nm, 16h
Entryld Solvent Conv. (%)Ml 23a ()P | 23a:24a (%)<
1 THF/H,0 9:1 96 30 31:69
2 THF/H,O 1:1 97 51 52:48
3 DMF/H;0 1:1 56 48 85:15
4 MeCN/H,O 1:1 80 45 56:44
5 DMSO/H,0 1:1 98 66 68:32
6 MeOH/H,O 1:1 >99 79 79:21
7 EtOH/H,O 1:1 >99 83(74)dl 83:17
8 EtOH 90 62 69:31
9 H,O 92 50 55:45
10Lel THF/H,O 9:1 >99 19 19:81

[a] All the reactions were cattied out under itradiation with Kessil® 40W blue LED. [b] Determined by 'H-
NMR. [c] The sum of 23a and 24a has been normalized to 100. The d.r. for 24a is ~1:1 for all the reactions.
[d] Isolated yield after chromatographic purification is reported in parenthesis (0.2 mmol reaction scale).
[e] 19 instead of 18. Reaction time: 64h.

Indeed, increasing the amount of water as co-solvent proved to be beneficial for the outcome of the
reaction, since the THF/H,O 1:1 solvent mixture (entry 2) was found to overperform with respect to
the THF/H,O 9:1 mixture (entry 1) in inhibiting the pinacol coupling parasite reaction. Several watet-
miscible organic solvents were tested (entries 3—7). EtOH represented the best compromise in terms of
both conversion and pinacol coupling inhibition (entry 7). Used on their own, both EtOH (96%) and
water had worse reaction outcomes (entties 8, 9). The use of a 1:1 EtOH/H,O solvent mixture represents
an important strength in terms of sustainability. EtOH is a green solvent which can be produced starting
from biomasses.'"” Besides, it is very inexpensive (40 $/L)) compared to other commonly used green
solvents, such as 2-MeTHF (235 $/1) and ethyl acetate (71 $/L)."** As highlighted above, the use of a
more reducing photosensitizer proved to be detrimental, and the reaction mainly led to the formation of
the pinacol coupling product (entry 10). Table 4.3 reports the reaction outcomes using different allylating

reagents.
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Table 4.3: Screening of allylating reagents.

X
P s 21
3 equiv.

2 equiv.

Bi(OTf)3 (10 mol %)
18 (5 mol %)

OH

cl
OH O
/@)W +
O OH
cl cl

0.1 mmol EOHHO 111 22 as diastereomeric mixture
456 nm, 16h
Entryl? X Conv. (%)[P] 23a (%o)IPl 23a:24a (Yo)bx]
1 Br >99 83 83:17
2 Cl 15 7 48:52
3 1 12 12 >99:1
4 OH 97 0 <1:99
5 OAc >99 0 <1:99

[a] All the reactions were carried out under irradiation with Kessil® 40W blue LED. [b] Determined by
LH-NMR. [c] The sum of 23a and 24a has been normalized to 100. The d.r. for 24a is ~1:1 for all the

reactions.

Allyl bromide is the best allylic source among allyl halides, while no reaction was observed using either
allyl alcohol or allyl acetate (entries 4 and 5, respectively). Noteworthily, allyl iodide proved to be the best
allyl source in terms of inhibition of the pinacol coupling reaction, but the conversion was unsatisfactory
(entry 3). Table 4.4 reports the reaction outcomes using different bismuth sources, and with different

catalytic loadings.
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Table 4.4: Screening of bismuth salts (counterions and catalytic loadings).

AL 21 OH OH O c
/©/CHO 3 equiv. 2 equiv. /@M . O
cl BiX; ([Bi] mgl %) cl cl o
0.1 mmol [E;;%f/: '%%5%' 23 as diastereomeric mixiure
456 nm, 16h
Entrylal X [Bilmol% | Conv. (%)l 23a (%) | 232:24a (%)l
1 OTf 10 >99 83 83:17
20 OTf 10 >99 79 79:21
3 OTf 5 >99 78 78:22
4ld] OTf 2 >99 58 58:42
5 Cl 10 50 50 >99:1
6 Br 10 >99 87 87:13
7 Br 5 82 77 87:13
8 Br 2 68 59 79:21

[a] All the reactions wete cattied out under irradiation with Kessil® 40W blue LED. [b] Determined by TH-NMR. [c] The sum
of 23a and 24a has been normalized to 100. The d.t. for 24a is ~1:1 for all the reactions. [d] MeOH instead of EtOH.

Noteworthily, bismuth bromide was found to be the best tested salt (entry 6). Eventually, bismuth triflate
was chosen because it is an easy-to-handle salt, contrary to the highly hygroscopic bismuth bromide.
Moreover, the former is less toxic than the latter. Nevertheless, it is worth mentioning that, in the case
of bismuth bromide, satisfying results in terms of selectivity can be achieved even with lower catalytic
loadings, even if with decreasing conversions (entries 7, 8). Finally, bismuth chloride showed a remarkably
lower conversion, but only traces of the pinacol coupling product were detected (entry 5). Finally, Table

4.5 reports the reaction outcomes with different sacrificial reducing agents.

Table 4.5: Screening of sacrificial reductants.

B Sacrificial cl
/\/_ ' reductant O H ‘
/©/CH° 3 equiv. 2 equiv. /@/K/\ . O
o Bi(OTf)5 (10 mol %) a o o
18 (5 mol %)
22a EtOH/H,0 1:1 23a et
0.1 mmol [2231 —0.05M as diastereomeric mixture
456 nm, 16h
Entrylal Sacrificial reductant Conv. (%o)lP] 23a (%o)IP] 23a:24a (Yo)[bxl
1 21 >99 83 83:17
2 TEA 44 44 >99:1

[a] All the reactions wete cartied out under irradiation with Kessil® 40W blue LED. [b] Determined by 'H-NMR. [c] The sum of 23a and

24a has been normalized to 100. The d.r. for 24a is ~1:1 for all the reactions.
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Triethylamine had a strong inhibition effect against the pinacol coupling reaction, but it underperformed

in terms of conversion.

4.3.3. Reaction scope
The optimal reaction conditions were explored with a large variety of aromatic and aliphatic

aldehydes, and the salient results are reported in Schemes 4.7 and 4.10, respectively.

¢7>\V/Br 21
o 3equiv.  2equiv. OH

Bi(OTf)3 (10 mol %)

22b- 18 (5 mol %) 23b-
(02 mrgm) EtOH/H,0 111 9
[22]=0.05 M
456 nm, 16h
OH OH Cl OH OH
F 23b, 65% Fyc 23c, 66%!? 23d, 74% 23e, 94%!°

OMe OH

OH
oot &
23, 81% 23g, 79%I2 pn 23h, 62% 23i, 79%
OH OH OH OH
B CARES S Sualll G0
23j, 74% MeO 23k, 42% [] 231, 65% Nc 23m, 61%
OMe

/@)\/\ <j)\/\ (j/K/\ ph\<j)\/\
MeOOC 23n, 61% 230, 33% 23p, 66% 23q, 82%

[a] Reaction time 72h.

Scheme 4.7: Photoredox allylation of aromatic aldehydes mediated by bismuth.

In general, with aromatic aldehydes, the isolated yields were from moderate to good, with a variety of
different functional groups compatible with the reaction conditions. Both electron-rich and -poor
aromatic aldehydes are reactive and, in some cases, yields could be improved by an increase of the
reaction time to 72h. Sterical hindrance in or#ho position has no detrimental effects. Heteroaromatic
aldehydes can be also employed, with some limitations. Indeed, electron-rich aldehydes bearing pyrrole
or indole are unstable during chromatographic purifications due to their attitude to form elimination
products. Thiophene is a compatible group, but 2-thiophene carboxaldehyde 220 was found poorly
reactive, probably due to chelation of sulfur to the bismuth active species. The reactivity is restored when
3-thiophene carboxaldehyde 22p is employed. When long reaction times (72h) were applied to the
reactions of the aldehydes 22k, 220 and 22q, by-products were observed (Table 4.6). Noteworthily, the
corresponding ethyl ether of the homoallylic alcohols (23k,0,q) formed by their reaction with ethanol
was detected (and isolated only for 22k).
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Table 4.6: Screening of reaction times for aldehydes 22k,0,p.

B
/\/ ’ 21
o] 3 equiv. 2 equiv. OH OEt

ArJ Ar)\/\ + ArM

Bi(OTf)3 (10 mol %)

18 (5 mol %)
(02.5'?;‘?;‘3) EtOH/H,0 1:1 23k0q 25,0,
[22] =0.05 M
456 nm, time
Aldehyde | Reaction time (h) | Conv. (%1 23:25 ()11
16 51 92:8
22k
72 51 21:79
16 50 >99:1
220
2 69 53:47
16 70 86:14
22q
2 82 <1:99

[a] Determined by tH-NMR. [b] The sum of 23 and 25 has been normalized to 100.

149

Although Bi(OTY); is described as a catalyst for Sx1-type reaction of alcohols, ™ the formation of ethers

was determined by the Bronsted acidity of the oxidized Hantzsch’s ester (Scheme 4.8).

Reaction
OH conditions ® EtOH OFt
—_— > —_—
Ar)\/\ [H*] AN _H* Ar/l\/\

Scheme 4.8: Putative pathway for the formation of 25k,0,q.

This behaviour was confirmed by dissolving the alcohol 23k in EtOH in the presence of the pyridinium
salt derived from the oxidation of Hantzsch’s ester (Scheme 4.9). The formation of these ether by-

products was observed only for alcohols bearing an electron-rich aromatic ring.

A: conv. 6%
Conditions A:
OH Bi(OTf); (10 mol%) OEt

N EtOH/H,0 1:1, 16h N
Conditions B:
MeO MeO
EtOOC COOEt
| = B: conv. 36%
. 2 equiv.
N

H CI-
EtOH/H,0 1:1, 16h

Scheme 4.9: Etherification tests using homoallylic alcohol 23k. The reported conversions were determined by 'H-NMR. The pyridinium
salt (used in conditions B) was obtained by acidic treatment (HCI 1M in Et,O) of oxidized Hantzsch’s ester (i.e. its pyridinic form, recovered
after chromatographic purifications of compounds 24), followed by solvent evaporation.

136



Photoredox Bi-mediated allylation reaction in aqueous media

/\/Br 21
o 3 equiv. 2 equiv. OH

RJ RJ\/\

Bi(OTf)3 (10 mol %)

22r-ab 18 (5 mol %) 23r-ab
(0.2 mmol) EtOH/H,0 1:1
[22]=0.05 M
456 nm, 72h
\Ma)\/\ N Ph/\)\/\ B
23r, 68% 23s, 56% 23t, 85% 23u, 58%
OH Cbz OH Boc OH
BnO\Ms)\/\ HNW M)\/\ N
23v, 68% 23w, 74% 23x, 70% 23y, 80%
©\(K/\ i
N th
0,
23z, 80 /" 23aa, 700/ 23ab, 70%
syn:anti = E:Z=3:2

Scheme 4.10: Photoredox allylation of aliphatic aldehydes mediated by bismuth.

Good reaction outcomes were also observed with aliphatic aldehydes 22r—ab. Several functional groups
are tolerated in the reported conditions and the reaction is applicable to linear and branched aldehydes
with a reaction time of 72h. Interestingly, cinnamaldehyde (22ab) gave a mixture of E and Z isomer of
the corresponding allylated product (23ab), probably due to photoisomerization of cinnamaldehyde in
presence of light and photosensitizer.”"** Concerning the use of substituted allyl bromides, some of
them (reported in Figure 4.19) were tested in the reaction with aldehyde 22f with poor conversions.
Whereas prenyl and crotyl bromide (conversions at 72h: 23% and 47%, respectively) led to the exclusive
formation of branched products (syzanti = 3:1 in the case of crotylation), cinnamyl bromide gave a

complex mixture of products.

M /K/\Br Ph X"y

Crotyl Prenyl Cinnamyl
bromide bromide bromide

Figure 4.19: Tested substituted allyl bromides.

Other electrophiles (reported in Figure 4.20) were tested with the optimized reaction conditions: epoxides
(cyclohexene oxide) and aromatic ketones (acetophenone) were proved unreactive, while traces of
allylated products were detected in the case of aliphatic and o,B-unsaturated ketones (cyclohexanone and
benzylideneacetone). These results proved that this reaction protocol can be used for the selective
allylation of aldehydes in the presence of other electrophilic groups, e.g. epoxides and ketones. Further
studies involving imine-type derivatives are currently ongoing. In this case, however, the use of water is

detrimental because most imines undergo hydrolysis due to the strongly acidic reaction conditions.
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Figure 4.20: Other tested electrophiles.

4.3.4. Mechanistic studies

The mechanistic picture was assessed by means of control experiments and photophysical studies.

The former are reported in Table 4.7.

Table 4.7: Control experiments for bismuth-mediated photoredox allylation of aldehydes.

cl
AL 21 OH OH O
/©/CHO 3 equiv. 2 equiv. /@/K/\ . O
i OH
¢] Bi(OTf)3 (10 mol %) ¢] ¢]

456 nm, 16h
Entryl?l | Deviation from standard conditions | Conv. (%)l | 23a (%0)P] | 23a:24a (%o)[>=]
1 - >99 83(74)ldl 83:17
2 In air 90 70 79:21
3 In the presence of TEMPO (20 mol%) >99 95 95:5
4 No Bi(OTf)s >99 16 16:84
5 No 18 59 59 >99:1
6 No Bi(OTf)s; No 18 6 0 <1:99
7 No light 0 - -
8lel 1 mmol scale 89 85(77) 95:5

[a] All the reactions were cartried out under irradiation with Kessil® 40W blue LED. [b] Determined by 'H-
NMR. [c] The sum of 23a and 24a has been normalized to 100. The d.r. for 24a is ~1:1 for all the reactions.
[d] Isolated yield after chromatographic purification is reported in parenthesis (0.2 mmol reaction scale).
[e] The reaction was performed with 8 mol % of Bi(OTf)3 and 3 mol % of 18. Isolated yield after chromatographic
purification is reported in parenthesis.

The reaction does not require strictly de-oxygenated solvents and can be conveniently settled without a
freezing-pump thaw procedure to eliminate traces of oxygen (entry 2). The reaction is not sensitive to
the presence of radical scavengers like (2,2,6,0-tetramethylpiperidin-1-yljoxyl (TEMPO, entry 3).
Noteworthily, only trace amounts (5%) of 24a were detected. As a matter of fact, TEMPO behaves as a
radical scavenger, hampering radical pathways, including those involved in the generation of 24a (pinacol
coupling via ketyl radical). This control experiments excluded the involvement of radical pathways in the
allylation mechanism. In absence of the Bi(OTf)s, but in the presence of 18, the pinacol coupling of the

23,153

aldehyde is favoured (entry 4),”**” probably according to the mechanism reported in Figure 4.18. If the

reaction is carried out without 18, under irradiation with blue LED (entry 5), a clean allylation reaction is
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observed, although with lower conversion. This was probably due to the ability of bismuth to form a
reactive allylating agent with the mediation of Hantzsch’s ester 21 under light irradiation. In fact, when
neither bismuth nor 18 are introduced in the reaction mixture (entry 6), the photoredox properties of the
Hantzsch’s ester favoured the pinacol coupling.™ As expected, no reaction is observed in the absence of
light (entry 7). The scale-up of the reaction (1 mmol) is possible, with even lower catalytic loadings for

both the photosensitizer and the metal catalyst (entry 8).

Concerning the photophysical studies, Stern-Volmer experiments were performed to assess which
reaction partner is involved in the quenching interaction with photosensitizer 18. First, the absorption

and emission spectra of 18 were recorded (Figure 4.21).
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Figure 4.21: Absorption (blue solid line; the blue dotted line refers to high-dilution conditions) and emission spectrum (red line) recorded
on a solution of 18 in air-equilibrated ethanol at room temperature.

The emission spectrum has a clear maximum (Am) at 550 nm. To ensure selective excitation of 18 during
the Stern-Volmer experiments (vide infra), the excitation wavelength () was placed at 400 nm.
Consistently with the reaction outcome of the in-air control experiment (Table 4.7, entry 2), the excited
state of 18 is not quenched by oxygen: its lifetime has negligible changes moving from deaerated to air-

equilibrated solution. As previously reported in literature,”'"

" isophthalonitrile detivatives represent a
class of remarkably visible emitters, which can show long emission lifetimes in specific experimental
conditions because of their TADF (thermally activated delayed fluorescence) behaviour.*'
Interestingly, 18 displays double deactivation kinetics at Acm = 550 nm even in air-equilibrated ethanol at
r.t., most likely due to a TADF-active regime, featuring a delayed component with a lifetime around 150
ns.

In the presence of increasing amounts of Bi(OTf); or allyl bromide, no appreciable decrease in the

emission intensities of 18 was detected (Figures 4.22 and 4.23, respectively), thus showing that these two

reactants are not involved in quenching mechanisms even at high concentrations.
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Figure 4.22: (A) Absorption spectra of solutions of 18 in air-equilibrated ethanol (blue line) obtained upon addition of increasing amounts
of Bi(OTf)3 (up to ca. 14 mM, red line). (B) Fluorescence emission spectra of 18 obtained from the same solutions at Aex = 400 nm.
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Figure 4.23: (A) Absorption spectra of solutions of 18 in air-equilibrated ethanol (blue line) obtained upon addition of increasing amounts
of allyl bromide (up to ca. 95 mM, red line). (B) Fluorescence emission spectra of 18 obtained from the same solutions at Aex = 400 nm.
Inset: Stern-Volmer diagram relative to the emission intensities at Aem = 550 nm (since no quenching was detected, the quenching constant

was not determined).

The addition of 4-chlorobenzaldehyde 22a barely decreased the emission intensity of 18 (k; = 6.2-10°
M™'s™"), explaining the observed pinacol coupling in absence of Bi(OTf); (Figure 4.24).
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Figure 4.24: (A) Absorption spectra of solutions of 18 in air-equilibrated ethanol (blue line) obtained upon addition of increasing amounts
of 4- chlorobenzaldehyde (22a, up to ca. 26 mM, red line). (B) Fluorescence emission spectra of 18 obtained from the same solutions at Aex
= 400 nm. Inset: Stern-Volmer diagram relative to the emission intensities at Aem = 550 nm.

A similar behaviour was observed when the Hantzsch’s ester 21 is introduced in solutions of 18, denoting
a significantly more efficient quenching (two orders of magnitude) of the emission of the latter(ky =
3.8:10° M"'s™', Figure 4.25). Indeed, in the presence of both the aldehyde and 21, the latter is by far the

most efficient quencher.
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Figure 4.25: (A) Absorption spectra of solutions of 18 in air-equilibrated ethanol (blue line) obtained upon addition of increasing amounts
of Hantzsch’s ester (21, up to ca. 10 mM, red line). (B) Fluorescence emission spectra of 18 obtained from the same solutions at Aex = 465
nm. Inset: Stern-Volmer diagram relative to the emission intensities at Aem = 550 nm.

It is worth mentioning that the Stern-Volmer experiment with 21 required a higher excitation wavelength
(in the tail region of the absorption spectrum of 18, vide supra) to avoid undesired interferences due to
the absorption features of 21 at 400 nm. The effect of the addition of 21 can be easily understood from

emission decay profiles (Figure 4.20).
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Figure 4.26: Emission decays obtained from 18 in air-equilibrated ethanol (blue dots) and from the same solution upon addition of
Hantzsch’s ester (21 or HE, 1.7 mM, green dots). The monoexponential fitting curves are also shown (red and orange lines, respectively).

Based on the results of the photophysical investigation, the quenching step likely occurs via reductive
quenching of 18 by 21, with the formation of 21*. The thermodynamic feasibility of the photoinduced
electron transfer (PET) process relies on the reduction potential of the excited state of 18, i.e. Ei/»
(18*/18) = +1.56 V vs SCE (see Table 4.2), and on the oxidation potential of the Hantzsch’s ester 21,
ie. Ei2 (2177/21) = +1.0 V vs SCE."”*"* The produced 21" can participate in further electron transfer
events and is a strong reductant: upon proton loss, the obtained radical [21—H]" has an oxidation
potential of —0.76 V vs SCE (see Figure 4.13)."” Moreover, the obtained radical anion 18"~ is also a strong
reductant, with E;/, (18/18) = —1.16 V vs SCE. The observed high tolerance to oxygen and TEMPO
ruled out radical mechanisms, e.g. formation of allylic radicals. No direct unequivocal evidence of the
actual reduced bismuth species was observed but, as suggested by the literature, the formation of Bi(0) is

likely to occur. Indeed, sometimes the reaction mixture slowly turned black upon irradiation (Figure 4.27).
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Figure 4.27: Reaction mixture before (left) and after (right) irradiation.

Multiple single electron transfer (SET) events are likely to be responsible for the formation of Bi in low
oxidations state from Bi(III) species. Insertion of active bismuth to C—Br bond (see Scheme 4.6) then
leads to allylbismuth(III), diallylbismuth(III), and triallylbismuth(III) as the transient nucleophilic
organometallic intermediates, that can react with aldehydes to give the corresponding homoallylic

alkoxides.!®

’ The protonated re-aromatized Hantzsch’s ester possesses a low pKa and the aqueous
conditions enable a facile protonation of the intermediate bismuth alkoxide, allowing the recycle of
bismuth salts. Previous studies have shown that such pyridine-type species does not participate in
quenching processes.'"’ Besides, it can be easily recovered upon flash chromatography and reconverted

into the native Hantzsch’s ester 21.°>'! In light of all this, Figure 4.28 shows a plausible mechanistic

picture to describe this photocatalytic bismuth-mediated allylation protocol.
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Figure 4.28: Proposed mechanism for the described photoredox bismuth-mediated allylation of aldehydes.
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4.4. Conclusions

A new metallaphotoredox protocol for the allylation of aldehydes was developed and

implemented.'®

The use of an earth-abundant, inexpensive, and non-toxic metal such as bismuth makes
this synthetic methodology particularly appealing if compared to previously described protocols
employing toxic metals, e.g. chromium and nickel. However, bismuth also represents a valuable non-
toxic replacement for lead in many applications. This is causing the worldwide demand of bismuth to
rise. In particular, its price has been keeping rising in the last few years, with China representing the most
important supplier in the world.'” Nevertheless, the sustainability of the whole described process is
further increased thanks to the possibility of working in aqueous media, using an inexpensive green
organic co-solvent such as ethanol. Even in this case, however, it is worth mentioning that there is no
absolutely green solvent, since “green” is a relative term.'”" Expensive and/or toxic metal-based
photosensitizers are avoided, and the only used metal species can be easily removed by simple liquid-
liquid extraction (bismuth salts are soluble in water). The protocol requires neither strictly deaerated nor
anhydrous conditions, and the reaction setup is hence fast and easy (no degassing/drying procedures are
required). The scope is wide, with both aromatic and aliphatic aldehydes representing suited substrates.
The reaction conditions are mild (ambient temperature), the protocol is amenable of scale-up with even
better results, despite lower catalytic loadings, and both the photosensitizer and the oxidized form of the
sacrificial reductant can be recovered at the end of the reaction. Further extension to other electrophiles

(with particular reference to imine-type substrates) is likely to be achieved. The optimization study for
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the allylation of imines — leading to valuable homoallylic amine derivatives — is at the beginning because

their intrinsic reactivity and redox properties require much different reaction conditions.

4.5. Experimental section

4.5.1. General methods and syntheses

All commercial chemicals and dry solvents were purchased from Sigma Aldrich, Alfa Aesar or
TCI Chemicals, and used without further purification, unless otherwise specified. 'H and "C NMR
spectra were recorded on a Varian Inova 400 NMR instrument with a 5 mm probe. All chemical shifts
are referenced using deuterated solvent signals. Trifluoroacetic acid signal (—76.55 ppm) was used as a
reference for "F NMR spectra. Coupling constants are in Hertz, and the multiplicity is as follows: s
(singlet), d (doublet), t (triplet), q (quartet), m (multiplet), dd (doublet of doublets), dt (doublet of triplets),
ddd (doublet of doublet of doublets), br (broad signal). GC-MS spectra were obtained by EI ionization
at 70 eV on a Hewlett-Packard 5971 with GC injection; they are reported as: 7/ 7 (rel. intensity). Flash
chromatography purifications were carried out using VWR or Merck silica gel (40-63 um particle size).
Thin-layer chromatography was performed on Merck 60 Fass plates. Reaction mixtures were irradiated
with Kessil® PR160L@456 nm." Aldehydes 221,'® 22n,'* 22v,'"" 22w-x,'¢" 227, 117" photosensitizers 18

and 19,” and Hantzsch’s ester 21" were prepated according to literature procedures.

4.5.2. General procedure for photoredox bismuth-catalysed allylation of aldehydes

B
/\/ r 21
IO 3 equiv. 2 equiv. OH
R) ) R)W
Bi(OTf)3 (10 mol %)
22a-ab 18 (5 mol %) 23a-ab
(0.2 mmol) EtOH/H,0 1:1
[22] = 0.05 M

456 nm, 16h or 72h

A dry 10 mL Schlenk tube, equipped with a Rotaflo® stopcock, magnetic stirring bar and an argon
supply tube, was subjected to three vacuum-argon cycles and then it was first charged with all the solids
— Le. Bi(OTt); (0.02 mmol, 13 mg, 10 mol%), 18 (0.01 mmol, 6 mg, 5 mol%), Hantzsch’s ester 21 (0.4
mmol, 100 mg, 2 equiv.) and, if solid, the aldehyde (0.2 mmol) — followed by EtOH (2 mL) and water (2
mL). Then, allyl bromide (0.6 mmol, 73 mg, 52 uL, 3 equiv.) and, if liquid, the aldehyde (0.2 mmol) were
added. The reaction was irradiated under vigorous stirring for 16 or 72 h. After that, the reaction was
quenched with water (approx. 4 mL) and extracted with EtOAc (4 X 5 mL). The combined organic layers
were dried over anhydrous Na,SO, and the solvent was removed under reduced pressure. The crude was

subject of flash column chromatography (Si0O) to afford the products 23 in the stated yields.

T https:/ /www.kessil.com/photoreaction/PR160L.php
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4.5.3. Preparative scale reaction

The reaction was performed on 1 mmol of aldehyde 22a (140 mg) following the general
procedure irradiating with Kessil® PR160L@456 nm for 72 hours. Reagent amounts: Bi(OTf); (0.08
mmol, 52.5 mg, 8§ mol%), 18 (0.03 mmol, 20 mg, 3 mol%), Hantzsch’s ester 21 (2 mmol, 500 mg, 2
equiv.), allyl bromide (3 mmol, 260 uL, 3 equiv.) in EtOH (7.5 mL) and water (7.5 mL) mixture. Product
23a was obtained in 77% yield (0.77 mmol, 140 mg) after flash chromatographic purification (CH,CL).

4.5.4. Homoallylic alcobols

OH

23a: yellowish oil, 74% (0.15 mmol, 27 mg). The general procedure (16 h) was applied
X
o Q)\/\ using 22a (0.2 mmol, 28 mg) as aldehyde. The title compound was isolated by flash

column chromatography (CH:Cly). Spectroscopic data were in agreement with those reported in

literature.'®

OH

23b: brown oil, 65% (0.13 mmol, 22 mg). The general procedure (72 h) was applied using
A
. /©)\A freshly distilled 22b (0.2 mmol, 21 uL) as aldehyde. The title compound was isolated by

flash column chromatography (CH,CL). Spectroscopic data were in agreement with those reported in

literature.!”

OH

23c: brown oil, 66% (0.13 mmol, 29 mg). The general procedure (72 h) was applied

A
e /©)\/\ using freshly distilled 22c (0.2 mmol, 27 uL) as aldehyde. The title compound was
isolated by flash column chromatography (CH.Cl). Spectroscopic data were in agreement with those

reported in literature.'”

7o 23d: brown oil, 74% (0.15 mmol, 27 mg). The general procedure (16 h) was applied using
freshly distilled 22d (0.2 mmol, 22 ul) as aldehyde. The title compound was isolated by
flash column chromatography (CH,CL). Spectroscopic data were in agreement with those reported in

literature.!®

OH

23e: yellowish oil, 94% (0.19 mmol, 28 mg). The general procedure (72 h) was applied
X
©)\/\ using freshly distilled 22e (0.2 mmol, 20 pL) as aldehyde. The title compound was isolated

by flash column chromatography (CH,Cl). Spectroscopic data were in agreement with those reported in

literature.!®

o 23f: yellowish oil, 81% (0.16 mmol, 32 mg). The general procedure (16 h) was applied
A
OO using 22f (0.2 mmol, 31 mg) as aldehyde. The title compound was isolated by flash
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column chromatography (CH:Cly). Spectroscopic data were in agreement with those reported in

literature.!®

OH

23g: yellowish oil, 79% (0.16 mmol, 32 mg). The general procedure (72 h) was applied
X
o W using freshly distilled 22g (0.2 mmol, 33 pl) as aldehyde. The title compound was

isolated by flash column chromatography (CH.Cl). Spectroscopic data were in agreement with those

reported in literature.'”

o 23h: brown oil, 62% (0.12 mmol, 28 mg). The general procedure (16 h) was applied
X
using 22h (0.2 mmol, 36 mg) as aldehyde. The title compound was isolated by flash

Ph

column chromatography (CH:Cly). Spectroscopic data were in agreement with those reported in

literature.!®

OMe OH

23i: brown oil, 79% (0.16 mmol, 28 mg). The general procedure (16 h) was applied using
A
@A\/\ freshly distilled 22i (0.2 mmol, 24 ul) as aldehyde. The title compound was isolated by

flash column chromatography (CH,CL). Spectroscopic data were in agreement with those reported in

literature.!”

OH

23j: brown oil, 74% (0.15 mmol, 26 mg). The general procedure (16 h) was applied using
X
©)\/\ freshly distilled 22j (0.2 mmol, 24 uL) as aldehyde. The title compound was isolated by
OMe

flash column chromatography (CH.Cly). Spectroscopic data were in agreement with those

reported in literature.'”

o 23k: brown oil, 34% (0.07 mmol, 12 mg). The general procedure (16 h) was applied
X
oo /©)\/\ using freshly distilled 22k (0.2 mmol, 24 uL) as aldehyde. The title compound was

isolated by flash column chromatography (CH.Cl). Spectroscopic data were in agreement with those

reported in literature.'”

OH

231: brown oil, 65% (0.13 mmol, 25 mg). The general procedure (16 h) was applied
0 A
< using previously synthesized 221 (0.2 mmol, 30 mg) as aldehyde. The title compound
o gp y sy g y P
was isolated by flash column chromatography (CH2Cly). Spectroscopic data were in agreement with those

reported in literature.'”

i 23m: brown oil, 61% (0.12 mmol, 21 mg). The general procedure (16 h) was applied
A
/©)\/\ using 22m (0.2 mmol, 26 mg) as aldehyde. The title compound was isolated by flash
NC
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column chromatography (CH:Cly). Spectroscopic data were in agreement with those reported in

literature.!®

OH

23n: brown oil, 61% (0.12 mmol, 25 mg). The general procedure (16 h) was applied

X
Jeo0c /©)\/\ using previously synthesized 22n (0.2 mmol, 33 mg) as aldehyde. The title compound
was isolated by flash column chromatography (CH2Cl,). Spectroscopic data were in agreement with those

reported in literature.'”

OH

. 23o0: yellow oil, 33% (0.07 mmol, 10 mg). The general procedure (16 h) was applied using
N
<\J)\/\ freshly distilled 220 (0.2 mmol, 19 uL) as aldehyde. The title compound was isolated by

flash column chromatography (CH,CL). Spectroscopic data were in agreement with those reported in

literature.'”

OH

23p: brown oil, 66% (0.13 mmol, 20 mg). The general procedure (16 h) was applied using
Y N
{ST\A freshly distilled 22p (0.2 mmol, 18 pL) as aldehyde. The title compound was isolated by

flash column chromatography (CH,CL). Spectroscopic data were in agreement with those reported in

literature.!®

OH

23q: yellow oil, 60% (0.12 mmol, 28 mg). The general procedure (16 h) was applied
S
N
Phw using 22q (0.2 mmol, 38 mg) as aldehyde. The title compound was isolated by flash

column chromatography (CH:Cly). Spectroscopic data were in agreement with those reported in
literature.'”

o 23r: brown oil, 68% (0.14 mmol, 27 mg). The general procedure (72 h) was applied using
freshly distilled 22r (0.2 mmol, 38 uL) as aldehyde. The title compound was isolated by flash
column chromatography (CH:Cly). Spectroscopic data were in agreement with those reported in

literature.!™

oH 23s: brown oil, 56% (0.11 mmol 18 mg). The general procedure (72 h) was applied using

freshly distilled 22s (0.2 mmol, 23 pL) as aldehyde. The title compound was isolated by

flash column chromatography (CH,CL). Spectroscopic data were in agreement with those reported in
literature.'”

A)Oi/\ 23t: brown oil, 85% (0.17 mmol, 30 mg). The general procedure (72 h) was applied using

freshly distilled 22t (0.2 mmol, 26 pL) as aldehyde. The title compound was isolated by

Ph
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flash column chromatography (CH,CL). Spectroscopic data were in agreement with those reported in

literature.!®

OH

23u: brown oil, 58% (0.12 mmol, 18 mg). The general procedure (72 h) was applied using
A
O)\/\ freshly distilled 22u (0.2 mmol, 24 uL) as aldehyde. The title compound was isolated by

ash column chromatography »Cly). Spectroscopic data were in agreement wi ose reported in
flash col h tography (CH»Cl,). Spect pic dat oy t with th ported
literature.'”

OH

o M 23v: brown oil, 68% (0.14 mmol, 20 mg). The general procedure (72 h) was applied using
’ previously synthesized 22v (0.2 mmol, 36 mg) as aldehyde. Flash chromatography (0—2 %
EtOAc in CH»Cl) afforded a mixture of pyridine-type oxidized Hantzsch’s ester and 3v. Starting from
this mixture, the title compound was isolated by flash column chromatography (30 % EtO in CyH).

Spectroscopic data were in agteement with those reported in literature.'”

(‘)bz OH
HN

23w: brown oil, 74% (0.15 mmol, 37 mg). The general procedure (72 h) was applied using

X
2

previously synthesized 22w (0.2 mmol, 41 mg) as aldehyde. The title compound was isolated
by flash column chromatography (0-5 % EtOAc in CH>Cl, until pyridine-type oxidized Hantzsch’s ester
was recovered, then 2 % MeOH in CH.CL). Spectroscopic data were in agreement with those reported

in literature.!®

23x: brown oil, 70% (0.14 mmol, 30 mg). The general procedure (72 h) was applied using
o previously synthesized 22x (0.2 mmol, 35 mg) as aldehyde. Flash chromatography (0-2 %
EtOAc in CHCl,) afforded a mixture of pyridine-type oxidized Hantzsch’s ester and 3x. Starting from
this mixture, the title compound was isolated by flash column chromatography (30-50 % Et,O in CyH).

Spectroscopic data were in agteement with those reported in literature.'”

OH

23y: brown oil, 80% (0.16 mmol, 29 mg). The general procedure (72 h) was applied using
= N
)/\M“)\/\ 22y (0.2 mmol, 33 uL) as aldehyde. The title compound was isolated by flash column

chromatography (CH2Cly). Spectroscopic data were in agreement with those reported in literature.'”

23z: brown oil, 80% (0.16 mmol, 29 mg). The general procedure (72 h) was applied

N
oo /©/\)\/\ using previously synthesized 22z (0.2 mmol, 41 mg) as aldehyde. The title
compound was isolated by flash column chromatography (CH.Cl,). Spectroscopic data were in agreement

with those reported in literature.'
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% 23aa: (symanti d.r. of 2:1) yellow oil, 70% (0.14 mmol, 25 mg). The general procedure (72
h) was applied using freshly distilled 22aa (0.2 mmol, 27 pL) as aldehyde. The title

compound was isolated by flash column chromatography (CH.Cl,). Spectroscopic data were in agreement

with those reported in literature.'”™'”’

23ab: the product was isolated as mixture of E:Z isomers (3:2) as brown oil, 70% (0.14
th

mmol, 24 mg). The general procedure (72 h) was applied using freshly distilled 22ab (0.2
mmol, 25 uL) as aldehyde. The title compound was isolated by flash column chromatography (CH2Cly).

Spectroscopic data were in agreement with those reported in literature.'”™'"

I 23k: yellow oil, 36% (0.07 mmol, 15 mg). The general procedure (72 h) was applied
X
oo W using freshly distilled 22k (0.2 mmol, 24 uL) as aldehyde. The title compound was

isolated by flash column chromatography (CH,CL). "H-NMR (400 MHz, CDCl;, 25°C): & = 7.24 — 7.19
(m, 2H), 6.90 — 6.84 (m, 2H), 5.82 — 5.69 (m, 1H), 5.07 — 4.96 (m, 2H), 421 (t, ] = 6.5 Hz, 1H), 3.81 (s,
3H), 3.41 — 3.25 (m, 2H), 2.62 — 2.52 (m, 1H), 2.42 — 2.32 (m, 1H), 1.16 (¢, ] = 6.9 Hz, 3H); *C-NMR
(100 MHz, CDCL, 25°C): 8 = 159.1, 135.3, 134.6, 128.0 (2C), 116.7, 113.8 (2C), 81.5, 64.0, 55.4, 42.7,
15.4. ESI-MS /5= 207.1 [M+H]".
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5.Concluding Remarks

The research projects presented in this thesis are valuable examples of how chemical knowledge can
keep growing through the interplay between the many branches of chemistry. Indeed, multidisciplinary
approaches represent the only way to support the growth of scientific knowledge at its current rate. In
fact, either a single individual or a single discipline cannot deal with such difficult challenges. Nowadays,
state-of-the-art theoretical and experimental approaches enable the study of challenging
systems/conditions with high fidelity. Besides, even the definition of “challenging” is somehow
ambiguous. This was particularly evident in the case of the project concerning exotic molecular species.
The multidisciplinary endeavour leading to the generation and spectroscopical characterization of
phenylmethanimine represented a noteworthy challenge because we are used to particular reactions
conditions, i.e. the terrestrial ones, while those required for the study were designed to mimic putatively
common astrochemically relevant conditions. Nevertheless, since there are no possibilities to materially
explore distant astronomical environments (and this condition will probably persist for a very long time),
the terrestrial “challenge” represents the only available option. This study adds a small piece in the
massive puzzle of astrochemistry, which is ultimately aimed at understanding our primordial origins, thus
trying to answer to an age-old question. If, and when phenylmethanimine will ever be detected in some
astronomical environments by means of its rotational fingerprints, this study will be mentioned in support
to the detection.

It is worth mentioning that the methods developed and employed for a particular molecular species can
be extended to other systems. This is the case of phenylmethanimine, but it is also evident in the case of
4-fluorothreonine. This molecule was chosen as a case study to evaluate the effects of the insertion of
fluorine in a molecular scaffold. Moreover, the available literature lacked high yielding approaches for its
total synthesis in sufficiently large amounts for its thorough characterization. Both the theoretical and
the synthetic strategies adopted for this specific case will represent useful background information for
further studies, even concerning different systems. In particular, the characterization of 4-fluorothreonine
by means of rotational spectroscopy in the gas phase (mentioned in Section 3.4) is almost complete, and
the results will be published in due time. Hopefully, they will be useful for further studies concerning
fluorinated organic species.

Finally, the current energetic crisis — making the transition from fossil fuels to renewable energy sources
highly desirable — represents a topical issue to understand the current potential of metallaphotoredox
catalysis. Even this research field requires a multidisciplinary approach. Indeed, the use of light to perform
challenging chemical transformation can be considered as a bioinspired approach, based on the most
common biochemical process on Earth, namely photosynthesis. Bioinspired chemistry is a rapidly
growing research field, based on exhaustive studies concerning chemistry, biology, evolution, and many
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other disciplines. Even in this case, the interplay between theoretical and experimental strategies is pivotal
to understand how Nature was able to optimize its processes. Eventually, taking inspiration from natural
phenomena, our energy-intensive societies will evolve to more sustainable ones. In particular, the use of
solar light represents the spearhead of sustainability since sunlight has represented the main source of
energy since the dawn of life. Noteworthily, both the reported bismuth-mediated photoredox allylation
reaction and photosynthesis feature the cooperation between photosensitizers and metal centres: an
organic photosensitizer and a bismuth species are involved in the former, while many pigments (such as
chlorophylls and carotenoids), together with a metal-based oxygen-evolving complex (containing
manganese and calcium), are the main actors of photosynthesis. Many other photocatalytic protocols —
even bioinspired ones — have been recently developed, and many more will be explored in the next future,
especially under the pressing need to take advantage of sunlight as much as we can.

In conclusion, the research period as a PhD student represented a great opportunity to understand how
chemistry — with its many different branches — is involved in almost any process we can think of.
Moreover, it was a precious chance to be involved in many different projects, dealing with different
people having very different backgrounds. To make a long story short, it was a journey to discover the

importance of diversity, and I sincerely hope none of the lessons I learnt will go wasted.
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