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Chapter I: Introduction

1. Climate change in today’s world

The atmospheric concentration of carbon dioxide in 2019 was the highest in the last 2
million years and the human influence in its rising is indisputable.!

In the last Assessment Report of the Intergovernmental Panel on Climate Change it is
clearly explained how the increase of the atmospheric concentration of greenhouse gas
(GHG) since 1750 has undoubtedly an anthropogenic origin.! Moreover, the high
concentration of GHG leads to a series of other correlated problems as, for instance, global
warming with the correlated glacier retreat and arctic sea ice loss, rises in ocean
temperature, its acidification, and the rise in sea levels.

The case of global warming may be understood by studying the global mean surface
temperature and the global surface air temperature, in fact these two parameters have
continuously increased in the last 40 years, reaching the highest temperatures since 1850.
Additionally, in the period 1950-2010 the anthropogenic warming is almost the only cause

of the rising in temperature.?
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Figure 1: human influenced global surface air temperature warming with respect to the period

1850-1900.
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Considering the trend represented in figure 1, if nothing is done to turn the tide,
temperatures would keep growing at a rate never seen in the last 2000 years. Moreover,
global warming will cross the 2 °C over the pre-industrial level by the 21 century, causing
bigger and more serious problems unless GHGs emissions are drastically reduced.
Naturally, the warming of the surface temperature is not the only problem that arises with
high concentration of carbon dioxide; even the temperature of the ocean rose in the last
50 years and the global mean sea level increased too due to the retreat of glaciers and the
decrease of the Antarctic sea ice. Another consequence caused by the high concentration
of CO; in the atmosphere is the acidification of the oceans, which not only has potential
harsh effects on the marine ecosystem,® but even on the marine capability of exchanging
carbon dioxide with the atmosphere and this would lead to the fall of the ocean mitigating
potential.!

To slow down world pollution and its influence on the climate most of the member states
of the United Nations Framework Convention on Climate Change (UNFCCC) have approved
the Paris Agreement. This document aims to outline a common path to fight climate change
through three fundamental goals: keep global warming under the 2°C, which is the limit to
avoid further problems and risks, reduce greenhouse gas emissions, and re-design the
economic flows and pathways towards green developments by 2020.*

In 2021 the UNFCCC met in Glasgow in order to renew the Paris Agreement and set new
and more efficient goals to accelerate the impact on global climate change. The
fundamental goal is to limit the rise of global temperature under 1.5°C in four ways:
mitigation, adaptation, finance, and collaboration.> Focusing on the first point, many
countries agreed to fix the 2030 as the limit to reach carbon neutrality by the so called neat
zero emission, which means that all the GHG released in the atmosphere by humans has to
be balanced by carbon removal (natural or technological). Switch from coal power to a
greener energy supplier, stop and reverse deforestation, reduce all the other GHG
emissions other than CO; ones, and improve the transition to electric vehicles are some of
the paths identified to reach this goal. The reduction of carbon dioxide emissions is a
fundamental step, but even the ability to catch this gas before or after it is released in the

atmosphere is essential and may greatly help reach the fixed purpose.
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Throughout the year, these goals gave an intellectual and economic boost to the
development of new ideas that can both satisfy the need to reverse the pollution path and
to keep alive the economic growth of the planet. Simultaneously to the climate struggle, it
became clear that the linear economy based on the “take-make-dispose” chain was
ineffective and even harmful. This kind of industrial economy barely moved forward the
first steps of the industrialized era, but the linear path brings with it many problems.® First,
from a merely economic point of view, all the projections indicate that in the next years
the request for raw material and energy will rise causing a rise in prices.” In the past, the
low prices of resources have indeed fed the linear economic pathway, thus the possibility
to reuse materials has never been a true necessity. This “take-make-dispose” approach
brings with it a very high waste production, not only after the usage of materials (end-of-life
waste) but even during all the take-make chain that do not recover and reuse the leftovers.®
Moreover, exploiting the linear system causes a deep waste of energy not only because
disposal is often energy costing, but even because typically the extraction of the material
and the first steps of conversion in commercially suitable forms are the most
energy-costing steps in the entire chain; all this energy waste may be avoided by reusing
the material disposed. Not only do waste production and energy loss bring to economic
struggle and raw materials depletion, but they also have a negative influence on climate
change.®

The solution to the problems raised by the ineffectiveness of linear economy is the
so-called circular economy that is based on a restorative intention, wanting to exploit only
renewable energy, eliminate toxic chemicals, and remove waste from the chain. The
circular economy does not rely only on the need to efficiently use resources, but even
completely changes the point of view in the economic system: the focus must be on the
system rather than on the components. Looking through the circular economy lenses waste
does not exist anymore but becomes part of the product cycle because it is designed for
that.® Moreover, in the circular economy point of view, waste may be considered as the
nutrients that renew the cycle, both biological and technological.®

The urgency to find new chemical outcomes fighting climate change and preventing new

kinds of pollution led to a great development of the green chemistry. To understand what
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green chemistry means, it is possible to refer to the principles stated by Anastas and
Warner in 1998.° To follow this worthy path is fundamental to eliminate the production of
waste using renewable feedstock and energy efficient processes. Moreover, the two
authors underline the necessity to avoid hazardous synthesis and prefer catalytic pathways
which need to exploit benign solvents and auxiliaries for the synthesis of benign chemicals
designed for degradation. Furthermore, it is important to consider the atom economy of
the reaction, always targeting the 100%. Finally, a green process must work to prevent
damages to humans and to the environment. Applying these principles to the carbon field,
the so called green carbon science was born.°

Looking to the green chemistry principles analyzed above and to the basis of circular
economy already summarized, it is possible to understand how these two fields are deeply

connected and have the same goals.
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2. The carbon dioxide problem

As stated before, human activities are the main factor in the rise of the atmospheric carbon
dioxide concentration in atmosphere and the highest value of all time was registered in the
last years.! Among all the greenhouse gas, CO; is the most present in the atmosphere
reaching 76% in the last published IPCC report on the mitigation of climate change.!!
Moreover, almost all the economic sectors play a role in the production of GHG, from

energy production to transport, from agriculture to industry.

Global GHG Emissions by Gas Global GHG Emission by Economic
Sector

m Fluorinated gas
m Other Energy

= Methane
m Industry

Nitrous Oxide
Electricity and Heat

Carbon Dioxide (forestry and Production

other land use) Transportation

m Carbon Dioxide (fossil fuel
and industry)

m Agriculture, Forestry, and
Other Land Use

Figure 2: Global GHG emissions per gas (left) and global GHG emissions per economic sector

(right). Based on global emissions from 2010.!

In order to mitigate the anthropogenic effect on the temperature change induced by the
GHG emissions and keep the temperature raise under the 2 °C relative to the pre-industrial
level, it will be necessary to keep the GHG concentration under 450 ppm CO,eq (carbon
dioxide concentration at the 2018 was of 410 ppm?*?). The reduction of today’s emissions
in necessary to do so as stated by all the predicted scenarios.!* To reach this goal it is
fundamental to drastically improve the energy production from renewables, improve the
planet capacity to seize carbon dioxide by stopping deforestation and starting
reforestation, and switching to electric transport.

Reducing carbon dioxide emissions may not be as fast and efficient as needed because the
atmospheric concentration of GHG is still very high. However, there are different
approaches that may be helpful on the road to carbon neutrality. Three ways have been

identified as the most promising and interesting to help solving the CO, problem: Carbon
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Capture and Storage (CCS), Bioenergy from Carbon Capture and Storage (BECCS) and
Carbon Capture and Usage (CCU).

Carbon Capture and Storage has been pinpointed as one of the most promising
technologies to meet climate change goals defined by COP26. This process encompasses
three different steps: i) COzcapture, ii) CO; transport and iii) CO, storage. The second step
has already been well developed by utilizing pipelines, tankers, and tank trucks.'® Then, the
storage has been accomplished by exploiting different technologies such as CO,-enhanced
oil recovery and saline formation, moreover different technologies are still in development
like enhanced gas recovery, ocean storage and mineral storage.®>™* Finally, the capture
step presents a plethora of different solutions such as chemical and physical absorption or
desorption, membrane separation, and capture exploiting micro-algae; from the chemical
point of view a lot of different methodologies were proposed which were basing their
efforts on the properties of different kinds of molecules like amine, ionic liquids, MOF or
metal oxides among others.?31®

Bioenergy from Carbon Capture and Storage (BECCS) is the process which allows to take
energy from biomass and capture carbon dioxide from the atmosphere. Since the biomass
exploits carbon dioxide in its growing through photosynthesis, if during the energy
production the GHG are not released back into the atmosphere, it may be considered a
negative emission technology (NET). In this case the whole system has to be evaluated very
carefully to understand its efficiency and its possible contributions to the global carbon
dioxide emission variation.'’#

Finally, a third option is Carbon Capture and Usage that aims to convert carbon dioxide into
a valuable product removing it from the atmosphere permanently. Studying this field, it
was discovered how it is possible to exploit CO; as a carbon source to obtain biofuels and
fine chemicals.'®2* Even if carbon dioxide is not very reactive, a plethora of reactions and
catalysts have been studied in the last twenty years, as it will be discussed later.

It was estimated that since 1850 land and ocean sink collected from the atmosphere
1430 Gt of carbon dioxide, almost the 60% of emissions.! The creation of some

human-made sink exploiting CCS and CCU technology is mandatory to meet the goals

established by the Paris Agreement.
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3. Carbon dioxide and its activation

As stated before, carbon dioxide is a very abundant potential source of C1, noxious for the
environment but safe to treat to synthesize added-value products. These characteristics
make this greenhouse gas a very interesting molecule to be used following the green
chemistry principles. However, CO, is very thermodynamically and kinetically stable
because its atom of carbon is in the most oxidized state possible. Thus, using it presents
different drawbacks that make the processes in which carbon dioxide is involved very
energy demanding.!¥%

Carbon dioxide has 16 electrons and is a D..,, molecule, thus, in its ground state, is linear.
CO; is nonpolar and presents two polar carbon-oxygen double bonds that show two sets of
orthogonal 1t orbitals. The lowest unoccupied molecular orbital (LUMO) is centered on the
carbon atom, thus it is a Lewis acid and it is an electrophile; on the contrary, the highest
occupied molecular orbital (HOMO) lies on the oxygen atoms, thus they are Lewis bases
and they are nucleophiles.?®

In order to avoid very reactive and toxic substrate, it is necessary to activate carbon dioxide
and overcome its characteristic stability. To do so, it is possible to utilize cooperatively a
catalyst and an energy-rich substrate like three membered heterocycles or strong
nucleophile. This will furnish the thermodynamic driving force to form the product through
an energy-effective process.

Because of the double electronic nature of carbon dioxide, it is possible to exploit both
electron-rich and electron-deficient catalyst even simultaneously. Very good results have
been achieved by exploiting organometallic catalysis.'® Since the two oxygen atoms are
weak Lewis base and then nucleophile, while the carbon atom may act as a Lewis acid, thus
as an electrophile, carbon dioxide may be activated coordinating a transition metal
following five basic modes as shown in figure 3.27?8 Figure 3a) shows a metallacarboxylate,
formed by electron-rich metals through an electron transfer from the metal to the carbon
atom; figure 3b) represents the less stable end-on complex due to the interaction between
the lone pair of one of the two oxygen atoms and the metal center; then, the complex

depicted in figure 3c) is formed when the carbon dioxide acts as a bidentate ligand: this

12
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complex require a more electron-deficient metal and should be more stable than the
previous; meanwhile, the metallacycle represented in figure 3d) is formed by the
combination of the previous interactions seen: the metal center donates to the carbon
atom while one of the two oxygen atoms donates to the metal center; finally, figure 3e)
shows the t-complex formed by a side-on interaction between the carbon dioxide double

bond and the transition metal.

a) b) 0) d) e)
0 PSR ~0 O
M—= C{ |[M=—o0=C=0| M_ _c| Ml M---- [l
O ~0 0 C%

Figure 3: different modes of metal-carbon dioxide coordination: a) electron transfer metal to
carbon, b) electron transfer oxygen to metal, c) electron transfer oxygen to metal, d) electron

transfer metal to carbon and oxygen to metal, e) m-complex.

Keeping in mind these coordination modes, it is possible to design a suitable catalyst to
activate CO,. Knowing these carbon dioxide characteristics, it is easy to understand why
different activation routes include a simultaneous and bifunctional double activation
exploiting two different catalytic species: the electron-poor carbon atom and one of the
electron-rich oxygen atoms give interactions with two molecules that present opposite
electronic features. Clearly, it is even possible to design a single bifunctional catalyst that
brings both the needed functionalities. Many different metals as chromium, zinc, cobalt
and ruthenium have been used as Lewis acid in metalorganic catalysis exploiting a Lewis
base as the co-catalyst.’®?%3% Moreover, to some extent, the organic activation of carbon

dioxide has also been achieved exploiting different kinds of bases: the first example has

31-33

been the Kolbe-Schmitt reaction, in which an alkaline base promotes the carboxylation

of sp? carbon atoms.

Scheme 1: Kolbe-Schmitt reaction mechanism.
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From then, other organic bases have been studied as organic catalyst in different carbon
dioxide reactions®** and some of the most efficient ones turned out to be Lewis bases as
1,8-diazabicyclo[5.4.0Jundec-7-ene  (DBU)*3® or 1,5,7-triazabicyclo[4.4.0]dec-5-ene
(TBD)*” that may form covalent zwitterionic adduct with carbon dioxide capable of further
reaction, forming new organic compounds like benzoxazinones, chinolines or carboxylated
indoles and phenols. Another class of organic molecules that may catalyze carbon dioxide
reactions turned out to be the phosphines that may activate CO; through the synthesis of
carbonates, carbamates, and ureas.?®*° Since N-heterocyclic carbenes (NHC) present
strong basic features when they incorporate electron-donating heteroatoms, like the Lewis
base discussed before, they form an adduct with carbon dioxide that may be isolated and
used in the synthesis of cyclic carbonates form propargylic alcohols and CO,.*

Finally, a more recent example of organic activation of carbon dioxide is diethyl ammonium

iodide as catalyst for the synthesis of oxazolidinones.*?

14
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4. Carbon Dioxide Utilization (CCU)

During the past twenty years carbon dioxide has been activated through different reactions
exploiting the activity of organometallic and organic catalysts or using reactive substrates.
As shown in scheme 2, many different classes of compounds can be obtained using carbon
dioxide as a building block. For example, CO, has been utilized for the carboxylation of
phenols, other aromatic compounds, and alkanes through organo-boron, organo-zinc,
organo-magnesium, or organo-lithium species or even alkyl halides. Moreover, by
exploiting carbon dioxide reactivity, different kinds of cyclization reaction can be targeted
using substrates like dienes or propargyls. Then, starting from alcohols it is possible to
obtain ketones while, starting from ammonia, it is possible achieving urea. Furthermore,
through the reduction of CO,, carbon monoxide, methanol or, in combination with primary

amines, amides and new amines can be produced.®

HOOGC
, COOH o
ROZC] O o  HOOCL R 1
O ke o
R RO*“*OR R
| R |
|| o 2
ol N e gl |
=R

Carbon Dioxide

x g g ONa
e o 22 z
Ar '31 Q % o
OH o
)C\OOH COOH &
RCOOH  RCOOH HN*C*NH,

Ar Me

Scheme 2: some of the possible carbon dioxide reactions.
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Generally, if the reaction substrate is very active, like a Grignard reagent for example, a
catalyst would not be needed, otherwise it is possible to exploit one of the possibilities
described below.

Another class of compounds that may be obtained from carbon dioxide are five membered
heterocycles like cyclic carbonates and oxazolidinones. In this case, usually, a combination
of a catalyst and a co-catalyst is necessary to obtain the product without rely on harsh
reaction conditions that include very high temperature and/or carbon dioxide pressure.'%43
In scheme 3 different ways to synthesize these molecules from carbon dioxide are

reported.

R!n

Scheme 3:examples of synthetic pathways to obtain cyclic carbonates and oxazolidinones

exploiting carbon dioxide.
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We can divide all these reactions into two main classes: addiction to alcohols and
cycloadditions to three membered heterocycles. First of all cyclic carbonates and
oxazolidinones may be obtained from diols or aminoalcohols and carbon dioxide.*** With
this methodology it is possible to follow the classic industrial synthesis of these five
membered rings avoiding the utilization of phosgene and using CO; instead.*® Moreover,
this reaction makes it possible to convert ethylene glycol and propylene glycol, two
by-products of the synthesis of dimethyl carbonate (DMC), into useful chemicals.
Modulating the activity of the catalyst, utilizing diols and carbon dioxide it is possible to
obtain also a copolymerization yielding linear polycarbonates.*’

Then, cyclic carbonates and oxazolidinones can be produced from propargylic alcohols and
amines respectively through a carboxylation followed by an intramolecular
cyclization.***>8 Generally, as shown in scheme 4, two consecutive activations are needed:
first the activation of the carbon dioxide makes the carboxylation possible, then the

activation of the triple bond promotes the intramolecular cyclisation.

R4
CO — < triple bond
__ gR;:{ activaﬁon — XR2 activation O//<X
—_— 2 _—
XH o= NRZ
00 R4

X=NRorO

O

Scheme 4: synthesis of five membered heterocycles from propargylic alcohols or amines and

carbon dioxide.

Moreover, a third way can be followed to prepare oxazolidinones starting from propargylic

alcohols, primary amines, and carbon dioxide.*?

//23 o 0 0
) L S § oA oA
R, RHN™ 07 "R, R2>|\§OH >‘\\<

R;

Ry

Scheme 5: second step of the synthesis of oxazolidinones via carbonates opening with primary

amines.
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In this case, the first step of the reaction is the formation of the cyclic carbonate as reported
in scheme 4, then, the primary amine produces an ring opening reaction followed by a new
ring closing step that produce the desired oxazolidinone (scheme 5).%°

Then, oxazolidinones may be obtained from other three component reactions combining,

for example, alkenes, amines, and carbon dioxide®® or haloalkanes, anilines, and C0O,.%*2

@)
Ar  OH ArNH2 Po CO, O//<
HN O
R R )\/
R
5 >
O <
N N
O O
O//<N—Ar @ N-Ar
R)w R)\/

Scheme 6: simplified possible pathways for the synthesis of oxazolidinones through three

components reactions involving epoxides, anilines, and carbon dioxide.

Moreover, other catalytic systems catalyze the formation of oxazolidinones involving
epoxides, amines, and carbon dioxide. In this case the reaction may proceed both through
cycloaddition of the carbon dioxide to the epoxide and following nucleophilic attack by the
amine, or through the formation of the aminoalcohol intermediate, as reported in scheme
6.53_58

Finally, another way to prepare this class of molecules is through the cycloaddition to three
membered heterocycles, as it will be more extensively treated in the following pages. All
these pathways are very interesting because they exploit carbon dioxide to obtain useful

compounds and present a 100% atom economy.
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5. Carbon dioxide cycloaddition to three membered

heterocycles

The carbon dioxide cycloaddition to three membered heterocycles is another reaction that
exploits carbon dioxide and that makes it possible to produce added-value fine chemicals.
This reaction has been studied in recent years to obtain a green way to prepare cyclic
carbonates and oxazolidinones, in fact, this cycloaddition presents several characteristic
suggested by the principle of the green chemistry: first of all, it exploits carbon dioxide, the
most important greenhouse gas and an ubiquitous waste of human activity substituting
toxic compounds as phosgene;* then, it presents a 100% atom economy and does not
produce any byproduct; when catalyzed, it may present acceptable reaction condition and
the reaction efficiency is enhanced by the substrates inherent reactivity; finally, it is
frequently possible working in solvent-free conditions or utilizing small quantity of green
solvents.506!

The carbon dioxide cycloaddition to three membered heterocycles has been widely studied
both using epoxides®™®? and N-alkyl aziridines,®*®* while N-aryl aziridines gave historically
more problems in this reaction and only few methodologies have been published.®>®¢ The
reactivity trend epoxide, N-alkyl aziridines, N-aryl aziridines is ruled by the higher
electronegativity of the oxygen atom with respect to the nitrogen one. Then, the enhanced
stability furnished by the aryl substituent compared to the alkyl one makes N-aryl aziridines
less reactive trough this pathway.®” However, the reaction between epoxide and carbon
dioxide may result in two different products: cyclic carbonates (scheme 7a) or
polycarbonates (scheme 7b). On the other hand, the reaction between aziridines and
carbon dioxide produces only oxazolidinones but as two different regioisomers (scheme
7c). Focusing on the reaction between epoxides and CO,, it should be noted that to afford
high reaction selectivity it is necessary avoiding the formation of both the linear and the
cyclic carbonate. Indeed, despite cyclic carbonates being the thermodynamic products of

the reaction,®®

it is possible to obtain one or the other product even with complete
selectivity by modulating the characteristic of the catalyst, the co-catalyst, the substrate,

or the reaction conditions.®® For example, the use of a metalorganic catalyst which forms
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strong oxygen-metal bonds favors the formation of linear product, while the use of a

catalyst that forms weak metal-oxygen bond eases the formation of cyclic product.

R 0 R
{ AL
C) o 0
J:N—R’ CO, 0
O™ \y_p’ N-R’
R )\/N R * \\(

Scheme 7: general scheme for the reaction between carbon dioxide and epoxides or aziridines.

Working with aziridines, oxazolidinones are the only obtainable products that are formed
as two different regioisomers in a variable ratio and generally the ring-opening reaction on
the most encumbered carbon is favorite.®

Several mechanistic studies for the catalyzed reaction between epoxides and carbon
dioxides has been published but two principal pathways have emerged.

The first and most common one, as reported in scheme 8, starts with the activation of the
epoxide through an interaction between the catalyst and the epoxide oxygen atom. Then,
a nucleophile attacks the heterocycle, opens it and, at this point, carbon dioxide goes
through an insertion between the opened epoxide and the catalyst. If the catalyst presents
two different active sites or more than one catalyst is presents, it is possible that one of
them activates the CO, molecule before the insertion.®® Finally, a backbiting reaction leads

to the cyclization and the formation of the desired cyclic carbonate. In almost all the
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reported mechanisms the nucleophilic attack takes place on the less encumbered carbon
atom of the three membered ring cycle, however, in the case of styrene oxide, for example,
the nucleophilic attack is favored at the phenyl-substituted carbon atom.®* In order to
activate the epoxide, it is possible using metals such as Fe,”® Co,”* Cu,”? Al,”> Mn,”* and Zn,”®

877 anilines,’® carboxylic

or hydrogen bond donors like hydroxy functionalized molecules,
acids®? or even the epoxide itself.”” On the other hand, as nucleophile, the utilization of
ammonium salts, phosphonium salts, and imidazolium salts®®! takes place or it can be
present as the counter ion or ligand of the metal complex utilized.”* Moreover, it is
important to say that this reaction can be carried out even with the sole nucleophile that

opens the three membered ring, making possible the addition of the CO, molecule.®
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Scheme 8: general mechanism for the formation of cyclic carbonates from epoxides and CO.
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The second possible mechanism involves the activation of the carbon dioxide before the
insertion into the heterocycle. In this case, the most efficient carbon dioxide activation
takes place with the formation of a zwitterionic adduct with a nucleophile and a further
activation of the epoxide by a Lewis acid.®* As stated before, different molecules can form
adducts with carbon dioxide and in this reaction have been used, for example, DBU®® or

NHC (scheme 9).34

R

Scheme 9: NHC catalyzed cycloaddition of carbon dioxide to epoxides.

When the attention is turned to aziridines it is possible to see how far fewer catalyst have
been studied and were efficient in this transformation, moreover also far fewer
mechanistic proposals have been made.

The first studies about the carbon dioxide cycloaddition to aziridines report, as in the case
of epoxides, the utilization of metal salts as catalysts, e. g. lithium iodide, lithium bromide,
or zirconyl chloride, that showed their activity with or without the presence of a
nucleophile as the co-catalyst.®>8° Metalorganic complexes revealed their efficiency in the
transformation of aziridines into oxazolidinones; in fact, two of the most active compounds
are the Cr(salen) complex active even in the case of epoxide®® and an aluminum
bifunctional catalyst.® Starting from the promising results obtained in homogeneous
catalysis, some heterogenous catalysts has been developed as mesoporous

phosphonates®>®? or MOFs.?*%* Moreover, in recent years, even organo-catalysis has tried
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to improve the sustainability of this reaction exploiting both homogenous and

95,96 97,98

heterogenous catalyst using, for example, onium salts, ionic liquids, and amino

aCidS.99’100

The mechanism of this reaction is not very clear and seems to be very substrate and catalyst

dependent.
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Scheme 10: possible reaction mechanisms for the carbon dioxide cycloaddition to aziridines.

Generally, the regioisomer formation seems to be influenced by the steric encumbrance of
the nucleophile that performs the opening reaction and from the substituents on the cycle:
big nucleophiles favor the attack at the non-substituted carbon, while the presence of a
phenyl ring pushes the reaction through the formation of the 3,5-substituted
oxazolidinone.'® Besides these considerations, all the mechanisms proposed may be
divided in two classes: 1) the carbon dioxide activation by a metal center makes possible
the interaction between the nitrogen atom of the substrates and the carbon atom of CO,,
the successive nucleophilic attack of one of the two oxygen atom to the favored carbon on
the cycle leads to the oxazolidinones formation!®? (scheme 9, pathway a), this is the case

of the Chromium(salen) complex; 2) the catalyst activates the aziridine molecule and the
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nucleophile operates the ring-opening reaction followed by the carbon dioxide insertion
and the following closing of the cycle**1%%1%% (scheme 9, pathway b).

It is important to underline that in in all the reported mechanisms the nucleophilic attack
takes place with an Sy2 mechanism. In the case of pathway b, the activation of the aziridine
may be performed by a metal'®1%31% or by H-bonding* but it is generally less efficient than
in the case of epoxides. Moreover, even in this latest case, a carbon dioxide activation may

be performed by metal salts.'*
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6. Cyclic carbonates and oxazolidinones

During the years cyclic carbonates have shown great utility in a wide range of
applications;'%% first of all, many cyclic carbonates have found usage as polar aprotic

7 and probably the most used in this field is the

solvents in synthesis and catalysis®
propylene carbonate (PC).1% However, even if they may be considered green solvents, one
of the most important drawbacks in using cyclic carbonates as solvents is the high boiling
point that rises problems during the product purification. Others applications for cyclic

105

carbonates are as lubricants'® or non-aqueous electrolytes for lithium batteries'® and

once again one of the most used is PC.2'° Moreover, cyclic carbonates find applications as

! in particular of polycarbonates and

monomer for the preparation of polymers,!!
polyurethanes, and as intermediates in organic synthesis.’'? In this latter case, they are
used both to retain the cyclic carbonate structure making further modification of the
substituents on the cycle, or to form new molecules after the opening of the cycle
exploiting a plethora of different reagents like carboxylic acids or amines. In fact, complex
cyclic carbonates present in Nature'®* have been partially mimicked to obtain synthetic
analogs by modifying vinyl and alkynyl substituted cyclic carbonates.’'* Moreover,
a-alkylidene cyclic carbonates are useful for the preparation of a-hydroxy ketones and

5-methylene-oxazolidin-2-one derivatives.*

O

oX o o
z OR2 O/[< O/[<

a-Alkilidene Cyclic Carbonates Butylene Carbonate  Glycerol Carbonate

O @)

oA oA
Ethylene Carbonate  Propylene Carbonate
Figure 4: most used cyclic carbonates.
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Another important role played by cyclic carbonates in organic synthesis is the improvement
of the sustainability of the dimethyl carbonate (DMC) production.®* Indeed, as stated
before, the possibility to convert by-product of the DMC synthesis into useful carbonates,
like propylene carbonate and glycerol carbonate, makes the whole process for the
production of dimethyl carbonate greener. This is an important results since DMC is one of
the most used organic carbonates in industry due to its applications as electrolyte,®®
methylating agent,'*® and alternative to phosgene.!’® It is important to note that few
industrial processes exploit cyclic carbonates. For example, the Shell-Omega process
produces ethylene glycol from ethylene carbonate, while the Ashai-Kesei requires the
cleavage of ethylene carbonate with methanol obtaining DMC and ethylene glycol.®*

On the other hand, oxazolidinones constitute a very interesting and promising class of
molecules that has been studied for their applications as chiral auxiliaries in organic
synthesis and for their pharmacological potential.**’-119

Evans was the first to discover the potential of oxazolidinones in the enantioselective aldol
condensation,'® and, since then, this class of molecules has been applied to different
classes of reactions.?>22 Moreover, since the early 1990s, oxazolidinones have been
studied as pharmacologically active compounds and N-aryl oxazolidinones have shown the
most interesting properties due to their ability to interact with RNA and proteins. In
addition, they show a reversible and selective inhibition of monoamine oxidase A (MOA),
an enzyme that may degrade different amine neurotransmitters.*?®* Then, similar molecular
scaffolds have shown their potential as antibacterial agents becoming an important
resource to exploit against the development of antibiotic resistance.!?#1%

Toloxatone was one of the first oxazolidinones to be introduced as a drug; it was studied
as an antidepressant during the effort to find alternatives to first monoamine oxidase
inhibitors (MAOIs) to avoid the many drawbacks that those molecules presented.!”
Starting from toloxatone, different new antidepressants have been synthesized throughout
the years like 3-(1H-pyrrol-1-yl)-2-oxazolidinones.'?® In recent years, molecules containing
the oxazolidinone moiety have been studied even as HIV-1 protease inhibitors; the five

membered heterocycle was identified to overcome the drug resistance developed for

Amprenavir and to mimic Darunavir, two FDA approved protease inhibitors.'?’
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F

Figure 5: some pharmaceutically important oxazolidinones; A) Linezolid and B) Tedizolid are used
as antimicrobial agents, C) has been studied as HIV-1 protease inhibitor, D) Toloxatone and E) are

used as antidepressant while F) is a D5D inhibitor.

The most studied oxazolidinone is probably Linezolid, an antimicrobial agent used to treat
infections provoked by Gram-positive bacteria like staphylococci, streptococci, and
enterococci. It has been approved in the 2000s after the need to discover new antibiotics
after the development of multidrug resistance by enterococci faecalis and enterococcus
faecium.*?#?° Then, studying Linezolid and its drawbacks, Tedizolid was discovered. This is
another oxazolidinone molecule used to treat bacterial skin infections and, with respects
to Linezolid, it presents longer life and a broader spectrum of activity. These features allow
lower dosage and overcome the Linezolid-resistance showed by some Gram-positive
pathogens.'*°

Lastly, some oxazolidinones have demonstrated an anti-inflammatory activity being delta-
5-desaturase (D5D) inhibitors. This class of compounds, in fact, prevents the production of
arachidonic acid from the desaturation of dihomo-y-linolenic acid (DGLA) accomplished by

D5D, where DGLA is a precursor of anti-inflammatory eicosanoids.
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7. Porphyrins and their complexes

Between all the catalysts utilized in the carbon dioxide cycloaddition to three membered
heterocycles, porphyrin metal complexes play an important role.?® Porphyrin ligands are a
very versatile class of high stable macrocycles formed by four pyrrolic units connected by
methine bridges. Since these heterocycles possess 11 conjugate double bonds and 26 ©t-
electrons, they respect the Hickel’s rule. Moreover, it is possible to vastly modify the
porphyrins carbon skeleton. In fact, many different substituents may be linked at the
pyrrolic carbon atoms or in the meso positions (the naming of the carbon atoms is shown

in figure 6). Along with porphyrins, other tetrapyrrolic related macrocycles have been

studied.
Porphyrin
T 2hyx 5 5
’~ meso
* o~
% 8 B
Chlorin 2@* Corrin
meso meso
. A8 R

W\ e " MO
X \’\*" B meso B ’ *6\6*

Bacteriochlorin Porphyrinogen

Scheme 11: porphyrin and related tetrapyrrolic macrocycles.

The porphyrin ring is largely present in Nature in molecules like chlorophyll, hemoglobin,
and cytochromes, this is enough to make this ligand gain the name of “the pigment of life”.
Besides that, this class of ligands and its complexes are widely used in all the chemistry
related fields, from catalysis®*! to medicine,3**3* from optical®** to sensing applications.*
In order to obtain porphyrins, the purification from natural sources has revealed itself to
be very expensive and time consuming, thus, since the early 1900s, considerable efforts
have been devoted to find suitable synthetic pathways to obtain these compounds by

finding different routes to achieve the functionalization of choice.’®® Due to their
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prominent presence in Nature, the synthesis of B-substituted porphyrins was the first to be
attempted by Hans Fischer, who exploited the reactivity of dipyrromethenes (scheme 12,
a).’¥” However, the severe reaction conditions prevented a wide application of this
synthetic route. Thus, in 1960, MacDonald and co-workers published a new methodology
that takes advantage of the usage of dipyrromethanes, the so-called “2+2
procedure”(scheme 12, b).*® Up to now, this is the most used methodology to obtain
B-substituted porphyrins with its variation introduced by Momentau’s work which involves
2,5-diformylpyrroles and tripyrrane and for this reason has been called “3+1 procedure”

(scheme 12, ¢).1%°
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Scheme 12: Synthetic pathways for the preparation of 8-substituted porphyrins.

Nonetheless, all these syntheses are quite complicated, require many synthetic steps and
difficult purifications. Thus, meso-substituted porphyrins have found wider applications
due to the easier pathways to synthesize them and thanks to the interesting properties
demonstrated. The first synthetic pattern was proposed by Rothemund, who obtained bot

meso-tetramethylporphyrin and meso-tetraphenylporphyrin (TPPH;) refluxing pyrrole and

29



Chapter I: Introduction

the corresponding aldehyde in methanol in a sealed tube (scheme 13).14%141 After this
groundbreaking work, this approach was modified by Adler and Longo by using refluxing
propionic acid as the solvent at atmospheric pressure (scheme 13). This novelty permitted
to extend the protocol to a wider number of substituted benzaldehydes, making it possible
to obtain quickly relatively pure porphyrins in good amounts (yield up to the 20%).}#
However, this methodology has some limitations. First of all, the purification may be hard
due to the large amount of by-products obtained, then, the harsh reaction conditions
prevent the utilization of acid-sensitive functional groups. Additionally, removing the high
boiling solvent from the reaction may be tricky. Thus, to reduce these problems, in some

cases it is possible to use lower boiling solvents as acetic acid or exploit microwave

irradiations obtaining softer reaction conditions.*

Adler-Longo’s

methodology
CHO CHO
H H
N % - X N
| | Propionic Acid Methanol | + |
\ + I:\;/\ Reflux Reflux /\'R Y

Rothemund’s
methodology

Scheme 13: Adler-Longo’s and Rothemund’s methodology for the synthesis of meso-substituted
porphyrins.
A great improvement to the synthesis of porphyrins has been made with the publication of
Lindsey’s work in 1987.2** The proposed protocol suggests a two-step one-pot preparation
of meso-substituted porphyrins from pyrrole and benzaldehyde. The starting reagents
dissolved in chlorinated solvents, as dichloromethane or chloroform, initially form the
porphyrinogen at the thermodynamic equilibrium thanks to a Lewis catalyst as BFs-Et;0.
Then, exploiting an oxidant as 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), the
wanted porphyrin can be obtained (scheme 14). Considering that high dilution conditions

(10 M) are necessary to foster the formation of the porphyrinogen over the formation of
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polymers, it is not easy to apply this methodology on a large scale. Nonetheless, the dilution
issue has been partially overcome for the synthesis of some simple meso-substituted
porphyrins by following studies conducted by the same author in which concentrations
higher than 0.1 M and different oxidants have been studied.'® By exploiting this pathway
it is possible to obtain a plethora of porphyrins that exhibit different electronic, optical and

structural properties.

Q2"

(@)

R O

R

Scheme 14: Lindsey’s methodology for the synthesis of meso-substituted porphyrins.

Porphyrins are extensively used as ligands in metalorganic chemistry. As shown before,
when they are not coordinated to any metal, they present two protonated pyrrolic moieties
and they are usually called “free-base”. If these two protons are removed, porphyrins
become tetradentate dianionic ligands and may accommodate a variety of metals and
semi-metals in different shapes forming porphyrin complexes.'#

Depending on the nature of the metal ion and its configuration, oxidation state, and spin
state, these complexes present many differences in structure and reactivity. To classify the
porphyrin complexes, it is possible to refer either to geometry, stoichiometry, or both. The
metal ions generally fit into the porphyrin core generating square planar or octahedral
complexes. If this is not possible due to the dimension of the metal ion or its electronic
properties, less common geometries may be found. This is the case of the so-called “out of
plane” complexes.**” Porphyrin metal complexes may be prepared in several different ways
exploiting different reactivities, like coordination, reduction, and oxidation; the choice of
the reaction pathway would be determined by the nature of the metal sources. It is possible
to identify four different classes of reactions that make the complexes synthesis possible:

A) metal coordination from a MX;-type salt, B) metal salt reduction, C) spontaneous
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oxidation of the metal starting from a M(0) cluster and D) external agent mediated

oxidation.1#®

A)

B)

9]

Figure 6: possible geometries of porphyrin metal complexes.

Metal coordination from a MX,-type salt: in this reaction a divalent metal salt
reacts directly with the porphyrin ligand in the opportune reaction conditions. The
biggest problem is finding the right solvent that solubilizes both the metal salt and
ligand. The most effective is generally N,N-dimethylformamide (DMF). This
methodology is effective for a variety of metals such as Zn, Co, Cu, Ni, Fe, and
others, forming the desired product with generally good to excellent yields. To
speed up the reaction it is possible to use weak Brgnsted bases that are capable of
deprotonating the porphyrin pyrroles.'*

Metal salt reduction: this procedure works through the insertion of the metal ion
starting from a precursor in higher oxidation state. In this case a reducing agent is
needed.

Spontaneous metal oxidation from a M(0) cluster: this synthesis is based on the
reaction between M(CO)1 clusters and the porphyrin in high boiling solvents

where the metal oxidation is promoted by the displacing of the two protons of the
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inner pyrroles as molecular hydrogen. This procedure is used almost exclusively for
the synthesis of ruthenium and osmium derivatives and, in this case, the solubility
does not interfere with the reaction productivity.

External agent mediated oxidation: exploiting this methodology, the addition of
an external agent is needed to oxidize the metal ion coordinated to the porphyrin
in order to obtain a stable complex. The most common oxidants utilized are oxygen

and iodine; the oxidation may occur in situ or during the work up
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8. Homogenous catalysis for carbon dioxide cycloaddition
to three membered heterocycles

The carbon dioxide cycloaddition to epoxides, as stated before, has been widely and
extensively studied since the second half of the 20" century, exploiting the reactivity of
many different catalysts.'*® Since the first studies, metalorganic catalysis took a prominent
role in this field and during the years two classes of compounds proved to be the most
used: salen metal complexes®™! and metalloporphyrins.?® The first class cited has been
studied since Paddock and Nguyen discovered the activity of a Cr(lll) complex in the
coupling of CO; and epoxide.™? From then, a lot of studies have been carried out designing
very active catalysts to be used for very interesting applications, such as the kinetic
resolution of racemic epoxides.*?

On the other hand, porphyrin-based catalysts have been widely applied to promote the
cycloaddition of carbon dioxide to epoxides due to their promising features. Several of the
studied catalysts turned out to be very active and stable, ensuring good sustainability.
Moreover, the versatility of this class of ligands allowed the synthesis of bifunctional or
dimeric and trimeric catalysts. The first porphyrin complex to be used in the preparation of
cyclic carbonates was (TPP)AI(OR) (TPP= dianion of the meso-tetraphenylporphyrin)*>* and
in particular (TPP)AI(OMe) (figure 7, a), that showed its activity in the presence of 1-
methylimidazole (NMI) by inserting CO; between the aluminum atom and the OR moiety
before carrying out the cycloaddition. Starting from this point other aluminum complexes

were studied changing the axial ligand (figure 7, b) and the co-catalyst' or the porphyrin

156

itself (figure 7, c).

Figure 7: aluminum-based porphyrin complexes used in the cycloaddition reaction of carbon

dioxide to epoxides.
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The importance of the Lewis acidity of the metal center in the reaction productivity has
been investigated through the comparison of the activity of Sn(ll) and Sn(lV) TPP
complexes. The results gathered from these studies proved that Sn(TPP)Cl; showed the
best catalytic performances in combination with 4-dimethylammoniumpyridine (DMAP).>
Even in this case the influence of the axial ligand was investigated and Sn"(TPP)(OTf); in
combination with tetrabutylphosphoniumbromide (TBPB) showed an improved activity
converting the desired epoxides at only 50 °C and 0.1 MPa of carbon dioxide.'* To conclude
the discussion about main group metal porphyrin complex, Bi"(porphyrin)X complexes
have been tested in combination with TBAI as the co-catalyst that showed a promising

activity even at only 0.1 MPa of carbon dioxide pressure.'*®

Ph
Ph

Ph
] Ph /TBPB 1:50

OTf

Ph /DMAP 1:5

Figure 8: Sn based catalytic system for the conversion of epoxides to carbonates.

All the studies carried out about the reaction mechanism involved when these catalysts
were used showed that the reaction proceeds through i) the initial activation of the epoxide
by the metal site, ii) the nucleophilic attack on the heterocycle, iii) the carbon dioxide
bonding and, finally, iv) the ring closure step by an Sy2 reaction (scheme 8). Moreover, even
if it is possible to obtain the desired products using all these catalysts, any of them has
shown activity at room pressure and temperature at the same time.

Switching to the transition metals that may be obtained in various different oxidation
states, the first studied porphyrin complexes were Cr'"'(TPP)Cl and Cr'V(TPP)O, which were
effective in combination with NMI or DMAP, but only under harsh experimental
conditions.'® Another metal that has been studied in this reaction was cobalt, due to the
possibility to easily achieve both Co(ll) and Co(lll) porphyrins. While Co"(TPP) showed a
poor catalytic efficiency, Co"(TPP)Cl, in combination with DMAP, afforded terminal and

internal cyclic carbonates successfully.’®® Starting from these results, the catalytic system
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was improved by utilizing as co-catalyst phenyltrimethyl ammonium tribromide (PTAT) and
tetrabutyl ammonium bromide (TBAB) and switching the axial ligand from chloride to
acetate.’® In this case the Brs anion gave better results probably because it is a better
leaving group than the simple bromide, resulting in the activity of the catalytic combination

even at 25 °C and 0.7 MPa of CO..

Ph
a)
Ph
/DMAP 1:5 Ph /DMAP 1:5 Ph /PTAT1:5 Ph
120 °C, 1.7 MPa 120 °C, 1.7 MPa 25°C, 0.7 MPa
TON 36 TON 1102 TON 880
TOF 16 TOF 826 TOF 293

Figure 9: cobalt-based porphyrin active in the cycloaddition of carbon dioxides to epoxides. TON

and TOF reported are referred to the conversion of propylene oxide to propylene carbonate.

Another catalyst that presented interesting properties in term of sustainability, performing
well at 70 °C and at only 0.1 MPa of CO,, is Mn"(p-OMe-TPP)(Cl) (p-OMe-TPP is the dianion
of tetra(4-methoxyphenyl)porphyrin) in combination with TBAB, which converted both

internal and terminal epoxides with excellent yields.'®?

Cl  Ar
Ar = —@OMe \

Scheme 15: Mn"(p-OMe-TPP)(Cl)/TBAB/SO = 1.0:1.3:55.5, 0.1 MPa CO, 70 °C, 4h.

Yield > 99%
O TONS555
OJ( TOF 13.9

Moreover, even Ru'®®3 has been studied in different oxidation states showing a good
reactivity at only 50 °C and 0.67 MPa of CO, when the catalytic Ru(TPP)(PPhs),/PTAT/EDA
(EDA = ethyldiazoacetate) combination was employed. This system is inactive in the

absence of EDA to suggest that the active center is the Ru" that is formed in situ thanks to
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the presence of the oxidant. However, even if these results are encouraging, it is necessary
to improve the sustainability of the reaction avoiding catalysts based on this expensive

metal.

Yield = 48%
O TON =960

= -1

OJ< TOF =240 h

AP

Scheme 16: Ru(TPP)(PPhs),/EDA/PTAT/PO = 1:1:2:100, 0.67 MPa, 50 °C, 4 h.

The catalytic mechanism of the reaction promoted by the ruthenium complex is analogous
to that reported in scheme 8.

As stated before, usually two elements are needed to catalyze the reaction between
epoxides and carbon dioxide, a Lewis acid to activate the epoxide and a Lewis base as the
co-catalyst. The two moieties may be combined designing a new bifunctional molecule.
Bearing this idea in mind, H. Jing and co-authors proposed a series of metal porphyrins
bearing an ammonium moiety on the porphyrin skeleton. Different M"(TTMAPP)I,(X)
(TTMAPPI,= dianion of tetra-(p-N,N,N-trimethyl-phenylammonium iodide)porphyrin) were
tested and the Co(lll) acetate complex (figure 10, a) proved to be the most active species
by working in the following conditions: 0.001 mol% of catalyst, 0.67 MPa CO,, 80 °C.*

In order to enhance the poor catalytic activity of cheap and sustainable Zn and Mg
porphyrins when used in combination with a co-catalyst, different bifunctional catalysts
have been synthesized and tested.'®>%® The most efficient one was proposed by T. Ema
and co-workers, in fact, different Zn and Mg porphyrin complexes bearing onium salts at
the end of an alkyl chain of the porphyrin skeleton demonstrated to be very efficient if the
CO; cycloaddition to epoxides. The magnesium based catalyst functionalized with TBAB
(figure 10, b) on the meta position of the meso phenyl rings of the porphyrin showed

outstanding TON and TOF values up to 103.000 and 12.000 h.¢’
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Figure 10: bifunctional porphyrin-based catalyst for the cycloaddition reaction of carbon dioxide to

epoxide.

Another class of bifunctional porphyrinic catalysts exploits the possibility to prepare multi-
porphyrin complexes by augmenting metal active sites and nucleophilic functionalities. Zn
and Mg porphyrin dimers and trimers were synthesized using this approach and these
catalysts showed an improved catalytic activity with respect those reported for the
previous presented bifunctional porphyrins.¢®

To improve the reaction sustainability avoiding the use of metals, during the past years
several organic catalysts have been tested. Many of them have been previously used as the
co-catalyst of the reaction but it emerged that the use of these nucleophilic species alone
allowed obtaining the desired product. In these cases, their activity was lower than that
observed if used in combination with a metal center, but it is possible to get an overall gain
by avoiding the complex synthesis of the catalyst and the use of expensive materials. Four
main classes of organic catalysts have emerged through the years: ammonium salts,
phosphonium salts, imidazolium based ionic liquids, and hydrogen bond donors.*®°
Tetrabutyl ammonium halides are widely used as co-catalysts thanks to the good
nucleophilic and leaving group ability of the halide anions. The first application as catalyst
has been reported by Calo et al.'’® Tetrabutyl ammonium iodide (TBAI) alone, and in

combination with TBAB, was exploited to synthesize desired cyclic carbonates. They
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proposed a four-step mechanism that basically reproduces the one reported in scheme 8,
without the epoxide activation by a Lewis acid. The suggested mechanism was supported
by DFT studies'’* and the reactivity of different anions was determined as follow: CI'>Br>I"
>F.172 These reactivity scales followed the nucleophilicity of the anion; note that the scarce
activity of fluorine derivatives was due to its poor ability as leaving group. Moreover, the
increase of the steric hindrance of the alkyl chain was responsible for an increase of the
salt activity because the interaction between the anion and the cation in the salt diminished
with the encumbrance of the cation and this lead to an increment of the nucleophilic

character of the anion.”3
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Figure 11: onium catalysts utilized in the coupling reaction between CO; and epoxides.

Besides ammonium salts, phosphonium salts also demonstrated their activity as co-
catalysts and consequently their activity as the sole catalytic species has been studied.
Different salts have been tested such as butyl triphenyl phosphonium iodide (figure 11, b),

175 and even a bifunctional

phosphorous ylides'’* (figure 11, c), tetraaryl phosphonium salts
phosphonium salt bearing an hydrogen bond donor moiety (figure 11, d).

Even if the first catalyst cited required the harshest reaction conditions, it has been
successfully tested in the cycloaddition reaction in water medium.'’® On the other hand,
considering the most accessible reaction parameters, the most performative catalyst

resulted to be bifunctional phosphonium species.'’”
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lonic liquids (IL) represent another widely used class of organic catalysts that show a good
activity in the cycloaddition reaction of epoxide with CO,. They have been studied because
of their peculiar ability to work both as solvent and catalyst and because of the high
possibility to functionalize their structure that led to the preparation of many kinds of
different molecules, even exploiting the possibility to prepare bifunctional catalysts
inserting Lewis acid moiety onto the IL scaffold.'®®

Then, hydrogen bond donor (HBD) species have been studied because of their ability to
activate the epoxide as a substitute of a metal center. Considering that the presence of a
nucleophilic additive to accomplish the desired transformation is required, they have been
used in combination with co-catalysts such as TBAX.'7®

Finally, another class of organocatalysts is represented by nitrogen donor bases, like DMAP
and DBU, that can activate carbon dioxide by forming an adduct, as stated in chapter I.5.
However, these molecules need harsh experimental conditions to catalyze the coupling

between CO, and epoxides, diminishing drastically the sustainability of the methodology.?
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Figure 12: some IL (a, b, c), HBD (e, f) and nitrogen donor base (d, g) active in the cycloaddition

reaction between CO, and epoxides.
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Even if the coupling reaction between aziridine and carbon dioxide has been less studied
then the analogous reaction involving epoxides, different catalysts, such as 1L3°%¢, metal
halides®” and organotin or organoantimony compounds®® have been tested. However, the
need of high quantity of the catalyst, the harsh experimental conditions needed and the
toxicity of some of these compounds limited their large application. Despite salen
complexes demonstrated a good reactivity both with N-alkyl®®°® and N-aryl aziridines,® it
has been demonstrated that the reaction may also occur in the absence of any catalytic
species.’”®

It is interesting to notice that even if porphyrins found large application as homogenous
catalysts of the cycloaddition of CO, to epoxides, only few examples are present in
literature concerning their use in the analogous reaction using aziridines. In 2018 H. Ji and
co-authors reported the activity of a bifunctional imidazolium-based ionic liquid decorated
with Zn porphyrin that catalyzed the cycloaddition reaction of CO; to both epoxides and
N-alkylaziridines.'&°

This catalyst efficiently converted eight different epoxides with good yields at 60 °C, 2.0
MPa of carbon dioxide in 8-48 h and eight different aziridines with good yields at 90 °C and
2.0 MPa CO; in 2-10 h. The proposed mechanism implies the substrate activation by
interaction of the three-membered ring with the zinc center, the following nucleophilic

attack, and the ending backbiting ring closure, as shown in schemes 17.
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Scheme 17: Zn-based bifunctional catalyst and proposed mechanism for the formation of

oxazolidinones from aziridines and carbon dioxide.

41



Chapter I: Introduction

In the same year, Gallo and co-workers reported the activity of the Ru"(TPP)(NAr),/TBACI
system, which was active at 0.6 MPa of carbon dioxide and 100°C to convert several
aziridines into corresponding oxazolidinones with a regioselectivity of 90:10, favoring the
3,5-substituted product.’®! In this case the proposed mechanism involved the formation of

a Ru" intermediate that was responsible for the carbon dioxide activation.

Ar = 3,5-CF3C6H3

NAr

Figure 13: Ru" intermediate formed by Ru(TPP)(NAr),, tetrabutyl ammonium chloride and carbon

dioxide.

As already stated for metalorganic catalysis, also organocatalysis has been less studied for
the conversion of aziridines into oxazolidinones by utilizing CO,. The first reported catalyst
was L-histidine in 2010,% that worked only under harsh experimental conditions for the
conversion of N-alkyl substituted aziridines. In this case the amino acid serves both as
nucleophile species and HBD for the aziridine activation. The following year, Bhanage an
co-authors reported the activity of a PEG functionalized phosphonium bromide!® that
converted thirteen N-alkyl aziridines in the corresponding oxazolidinones at 50 °C and 5.0
MPa of carbon dioxide. More recently, Marchetti et al. reported the efficiency of diethyl
ammonium iodide in the synthesis of oxazolidinones from aziridines and carbon dioxide at
room temperature and pressure.'®? Even without achieving high yields and the possibility
to use this protocol for a broad scope of substrates, this work confirmed the potential use

of ammonium salts as catalysts of this reaction.
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9. Heterogenous catalysis for carbon dioxide

cycloaddition to three membered heterocycles

On the path towards green chemistry, heterogeneous catalysis offers different technical
improvements compared to homogenous catalysis to simplify and optimize the product
purification. For example, an heterogenous catalyst is easier to recover compared to a
homogeneous one, then the catalyst recycle is simpler and it can be done more efficiently.
Moreover, this kind of catalysts are usually more stable and even the product isolation
requires a lower number of steps. In addition, the design of the reactor is simpler when a
heterogenous catalyst is employed. Thus, even if homogeneous catalysts normally show

183 all the characteristics described above significantly improve the

higher catalytic activity,
overall process by reducing the production costs.

One of the first class of compounds used as heterogeneous catalysts in the cycloaddition
of carbon dioxide to epoxides has been Mg+ and Nb*®® oxide. However, this class of
compounds did not show good catalytic activities and required the utilization of toxic
solvents such as DMF. More recently, metal organic frameworks (MOFs) have been studied
for their promising features.'® In fact, the catalytic activity or CO; affinity can be fine-tuned
by modifying the organic ligand, by changing the metal center, by controlling the MOF
porosity, and by stabilizing the MOF structure.'® Since the work of Han and co-workers'®®
has been published, this class of compounds have been deeply studied as catalysts of the
reaction between epoxides and carbon dioxide. In particular, thanks to their high

189,190 3nd porphyrin-'*! based MOFs have been synthesized in order to

versatility, salen-
take advantage for the good reactivity showed by these compounds under homogeneous
conditions. Moreover, porphyrins have been used as building blocks for other
heterogeneous catalysts such as covalent organic frameworks (COFs) and porous organic
polymers (POPs).?! Despite all these materials showed better activity compared to that of
the simpler metal oxides, their difficult and time demanding syntheses has to be considered

an important drawback. Moreover, the synthesis may be very expensive on the basis of the

used metal and the building blocks needed for the preparation.'?
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In order to overcome the lack of activity of some heterogeneous catalysts, the preparation
of supported homogeneous catalysts may be explored by linking active homogeneous
catalyst directly onto a solid support. Exploiting this strategy, it is possible keeping the
advantages of using heterogeneous catalysts by maintaining the activity of the starting
homogeneous one. In addition, solid support may play a synergistic catalytic role in the
reaction.®® Many different types of supports have been studied in the carbon dioxide
cycloaddition to epoxides like polyethylene glycol (PEG),*9** polystyrene (PS),'%>1%

197-199

nanoparticles, and biopolymers.?%>2%* Another interesting solid support is silica, which

shows different chemical and physical properties on the basis of the protocol applied for

its preparation. For example Ozin,?% Stein’® and Inagaki®®*

prepared periodic mesoporous
organosilicas (PMOs) that can bear numerous organic functionalities thanks to the
presence of organically bridged silica precursors. Other two types of silica exploited as

)% and Santa Barbara

support are the so-called MCM (mobile composition of matter
amorphous material (SBA).2% These last two classes of materials are usually functionalized
by grafting methods, and the range of functional groups and moieties that may be exploited
is wide. Moreover, silica based materials may exhibit a synergistic behavior with the
supported molecule in the reaction between epoxides and CO, with the consequent
improvement of the catalytic performances.?%’ In fact, the presence of Si-OH groups on the
silica surface enhances the activity of the catalyst via epoxide activation through
H-bonding.207-2%°

Through the years different molecules have been supported on silica in order to accomplish
the transformation of epoxides into cyclic carbonates by using carbon dioxide. For example
Ratnasamy and co-workers prepared aluminum and titanium modified SBA-15 materials

210211 \whereas Garcia and co-workers supported Cr(salen)

grafted with organic bases,
complexes onto MCM-41 materials.?*%%!3 |n this last case a recyclability issue emerged due
to catalyst leaching attributable to the coordinative nature of the complex-silica bond.
Thus, the recyclability has been successively improved by covalently bonding the salen

complex to silica using different grafting methodology.?**
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>

Figure 14: a) silica coordinated complex and b) silica covalently bonded complex.

Moreover, even metalloporphyrins, due to their good catalytic activity in the studied
transformation, has been supported onto solid surface. For example, M. M. Pereira and co-
authors reported the catalytic activity of hybrid materials based on a magnetic core of
Fes0, covered by a silica layer functionalized with different metalloporphyrins.’®® Once
again, the chromium catalyst showed promising activity in the conversion of styrene oxide
in the corresponding carbonate with 52% of yield in 24 h at 80°C and 1.0 MPa of carbon
dioxide. Moreover, 4,4’,4”,4"’-(porphyrin-5,10,15,20- tetrayl)tetrakis (benzoic acid)
(TCPPH,) has been used as an organic supported catalyst thanks to its linkage to a PMO.

COOH
PMO ~ > SN

HOOC

Figure 15: TCPPH,@PMO.
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The resulting material, in combination with DMAP converted in good yields epichlorohydrin
in 2 h, 120°C and 0.6 MPa of CO,. It should be noted that the organic catalyst improved its
activity when supported onto silica.?™®

Then, another example of silica-supported porphyrin has been published by Q. Yhang and
her research group who immobilized 5,10,15,20-tetrakis(4-pyridyl)porphyrin zinc(ll)
(ZnTPy) onto SBA-15 silica exploiting 3-(trimethoxysilyl)propyl bromide obtaining cationic
ZnTPy@SBA-15. The so-obtained bifunctional catalyst, presenting both a Lewis acid, the
zincatom, and a nucleophile, the bromine anion, showed interesting activity in the coupling

of carbon dioxide with different epoxides at 1.5 MPa of CO, and 120 °C.?'®

o
f,\o,s'i’o

Figure 16: ZnTPy@SBA-15.

However, these three catalysts worked under quite harsh conditions and the most
promising seems to be the TCPPH,-based one since it is a metal-free catalyst, even if it has

been tested only with epichlorohydrin, one of the most reactive epoxides.
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Other organic compounds have been grafted onto silica for achieving efficient metal-free
heterogeneous catalysts for the cycloaddition of carbon dioxide to three membered
heterocycles. Supported hydrogen bond donors were prepared in order to exploit the
activity of guanidine®’’” or other amines?'® in this transformation, but in both cases the
prepared catalysts needed harsh reaction conditions to be active. Thanks to their activity
under homogeneous condition, IL has also been supported onto silica. The first example
was proposed in 2007 by employing very harsh experimental conditions like 8.0 MPa of CO,
and 160 °C.**° Supported ionic liquid were then modified by adding acid moieties on the IL
backbone?® and then studied by Breitzke and co-workers to better understand the
influence of different functionalizations of the supported molecules and the role of the
solid support.?*! Another category of organic catalysts studied and supported onto silica
are onium salts. The catalytic activity of supported phosphonium salt in promoting this
reaction was first reported in 2006 and the synergic role of both the catalyst and the solid
support was underlined.?’ Then, the phosphonium salt
3-(triethoxysilyl)propyltriphenylphosphonium bromide supported on SBA-15 silica was
studied. The reported catalyst displayed good robustness and a synergistic activity of the
organic and inorganic components was demonstrated by converting different epoxides in
the corresponding cycling carbonates at 1.0 MPa of CO, and 90 °C.??

Ammonium salt has also been supported on surfaces and the resulting catalytic activity has
been extensively investigated. Different ammonium salts have been tested as catalysts in
the coupling reaction between epoxides and carbon dioxide by starting from
aminopyridinium iodide, which showed a good efficiency even under atmospheric
pressure.??? The synergic effect of the onium salt with silica has been highlighted in this
case as well. Recently, kinetic studies revealed that by using this catalyst the cycloaddition
reaction of CO; to styrene oxide (SO) shows a first order dependency with respect to SO,
CO; and the catalyst itself.??*

However, the N-Benzyl DABCO bromide-based ammonium salt (DABCO =
1,4-diazabicyclo [2.2.2]octane), grafted on 3-chloropropyl silica, showed poorer activity
compared to that of the previously presented catalyst?®® as well as TBAB supported onto

silica that needs very harsh condition, as supercritical CO,, to produce cyclic carbonates in
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good yields.??> Recently, Dufaud and co-workers prepared a series of different materials to
investigate under heterogeneous phase the effectiveness of tetraphosphonate cavitand in
the activation of ammonium halides in the cycloaddition reaction of carbon dioxide to
epoxides.??® Firstly, they synthesized a series of materials by supporting the cavitand or the
ammonium halide onto ultra large SBA-15. The study allowed them to conclude that the
linkage of the ammonium salt directly onto the silica, even if the iodide anion may
experience an enhancement of its nucleophilicity, produced a material less active than that
obtained by linking tetraphosphonate. In fact, the linkage of the host onto silica brought
results comparable with those obtained under homogeneous condition.??’ In addition, the
same authors have recently studied the role of SBA-15 silica on the activity of quaternary
ammonium halides in the coupling of epoxides and C0,.%% In particular, they found that
over the activation of epoxides through the silanol moieties, the same functional group
may interact with the halide anion and its nucleophilicity may be drastically reduced
depending on the nature of the halide (chloride anion suffers from the deactivation the
most) and the number of silanol moieties present in the neighborhood of the ammonium
salt.

Once again, the reaction between aziridine and CO; has been much less studied than the
corresponding one with epoxides. In particular, only N-alkyl aziridines were tested in the
studies by using heterogeneous catalysts. Some of the simplest catalytic species studied
were zirconyl chloride ZrOCl,-8H,0,%° mesoporous zirconium phosphonates®* and titanium
phosphonates®® that however worked only under harsh experimental conditions as in
presence of more than 2.0 MPa of carbon dioxide and more than 100 °C. It should be noted
that MOF, widely used in the conversion of epoxides into cyclic carbonates, were scarcely
employed and there are only few examples of their use in the synthesis of
oxazolidinones.'® The first example was proposed by He and co-workers, who studied
MOF-based [Cusg] nanocages. Nevertheless, this compound worked only at high catalytic
loading (10 mol% of Cu) in the presence of TBAB (5 mol%) and at high pressures of carbon
dioxide (2.0 MPa).** Then, the activity of copper derivatives was confirmed by S. Ma and
co-authors, who prepared a metal-metalloporphyrin framework that worked even at room

temperature and in a lower loading (0.625 mol%) but in very long reaction times.
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Figure 17: Tetrakis-3,5-bis[(4-carboxy)phenyl]phenyl porphyrin, the ligand used to build the Cu-
based MOF by S. Ma.

More recently, a bifunctional heterogeneous aminopyridinium-based POP has been tested
in the cycloaddition reaction of carbon dioxide to 1-butyl-2-phenyl aziridine, giving
encouraging results. However, more studies need to be done in order to expand the scope
and improve reaction conditions.??

In addition, different supports have been tested to prepare heterogenized catalytic

d98,229 100

systems, such as polystyrene-supported ionic liqui or amino acids,”™ ion exchange
resins,?3® and chitosan.?3%232 Nonetheless, in all these cases of at least 2.0 MPa of CO,
pressure were needed.

Another interesting solid support tested was PEG, which has been used in combination with

182 L 233

ammonium salts, phosphonium salts*** and |
The heterogenized ammonium bromide showed a promising activity converting different
aziridines in the corresponding oxazolidinones in very short times and with low catalyst

loadings (0.25 mol %). However, 100 °C and 8.0 MPa of carbon dioxide were needed. It is
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interesting to notice that L.-N. He and co-authors also tested N-phenyl-2-phenyl aziridine
obtaining as the only product the homocoupling of the aziridine.®

Finally, silica-based materials, and in particular MCM-41, have been used as solid supports
for grafting two different organic catalysts. In 2011, X.-B. Lu and co-workers studied the
catalytic activity of MCM-41 functionalized with N-heterocyclic carbene (NHC). As already
discussed, NHCs can form adducts with carbon dioxide activating it through the
cycloaddition to epoxides and aziridines. This catalyst promoted the reactions of CO; with
both epoxides and N-alkyl aziridines even at low catalyst loadings (0.5 mol %), but in long
reaction times and more than 100 °C and 2.0 MPa of CO, were required.?3*

Moreover, an amine functionalized MCM-41 demonstrated to be active at 40 °C but high
catalytic loadings and 5.0 MPa of CO, were necessary to make the reaction proceed. The
proposed mechanism involves the activation of carbon dioxide via the formation of a

carbamate moiety, the activation of the aziridine through H-bonding and the following ring

opening reaction in which the nucleophile is the carbamate itself (scheme 18).%
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Scheme 18: proposed mechanism for the formation of oxazolidinones catalyzed by amine

functionalized MCM-41.
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10. Tandem reactions for the synthesis of cyclic
carbonates and oxazolidinones

The formation of cyclic carbonates and oxazolidinones directly from alkenes, which are first
transformed into epoxides or aziridines and then reacted with carbon dioxide, is an
interesting pathway to improve the sustainability of their synthesis. Aresta proposed the
tandem synthesis of cyclic carbonate in 1987 by first utilizing a rhodium catalyst**® and then
exploiting the catalytic activity of Nb,0s.23”?*® Unfortunately the formation of styrene
carbonate directly from styrene, molecular oxygen, and carbon dioxide occurred in
moderate yields due to the formation of large amount of oxidation by-products. Since then,
the production of cyclic carbonate from alkenes and CO; has been widely studied by testing
many different catalysts and experimental conditions in order to overcome the low

reaction productivity that had initially emerged.?3%-2%
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Scheme 19: mono e multi step reactions to produce cyclic carbonates from alkenes.

The desired cyclic carbonate was obtained either by directly mixing all the needed reagents
and catalyst or by performing a step-by-step reaction, in which the epoxide intermediate,
that was neither isolated or purified to avoid time and energy demanding work-up, was

directly reacted with C0,.2*°
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Scheme 20: formation of cyclic carbonates from alkenes via bromohydrin intermediate.
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Two different mechanisms have been envisaged, the first passing through the epoxide
formation and the second via bromohydrin intermediate (scheme 20).2%

In 2010 H. Jing reported the catalytic activity of Ru-porphyrin catalyst that, in the presence
of onium salts co-catalyst, promoted the tandem synthesis of cyclic carbonates from
alkenes in yields up to 89% and high selectivity. Unfortunately the high catalytic loading of
4 mol% was needed.?*?

The synthesis of cyclic carbonates was also performed by applying multistep reactions that
had the drawback to occur with the contemporary formation of several by-products.
However, the first example of multi-step reaction was proposed by reacting alkene in the
presence of methyltrioxorhenium, urea hydrogen peroxide and IL as the catalytic system.?*?
Despite the obvious problems that the utilization of multiple reagents may involve, in this
way the applicability and efficiency of multi-step protocols were demonstrated.

Starting from these studies, a plethora of catalysts have been tested, improving the

reaction productivity and sustainability by exploiting the catalytic activity of noble

244~ 247-249

metals,>**2% transition metals, and IL.>*° To further improve the recyclability of the

catalyst and the product purification, different heterogeneous material has been tested
such as MOFs?*172%3 gnd titanium and aluminum silicates.?**%°¢ Finally, a flow protocol®*’
and an asymmetric transformation?® have been developed as well.

It should be noted that only two examples of tandem reaction producing oxazolidinones
from alkenes have been reported. The first one presented the synthesis of N-tosyl
oxazolidinones from alkenes, chloramine-T and carbon dioxide catalyzed by the
TBAB/TBAB; system.?*®

The proposed mechanism run through the initial bromine-catalyzed aziridination of the
alkene?® followed by the carbon dioxide cycloaddition catalyzed by TBAB.

However, this methodology presented different drawbacks. First, only tosyl oxazolidinones
may be prepared, then, at the end of the reaction, different by-products may be detected

such as unreacted aziridine and the corresponding tosylamino ethanol; finally, the catalytic

system only works in the presence of 8.0 MPa of carbon dioxide.
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Scheme 21: mechanism proposed for the synthesis of oxazolidinones from alkenes, chloramine-T

and CO;

On the other hand, a dendritic fibrous nanonsilica functionalized with Dy,Ce;05
nanoparticles catalyzes the formation of N-aryl oxazolidinones from carbon dioxide,
styrene, and anilines in the presence of tert-butyl hydroperoxide (TBHP) as the oxidant.

The reaction proceeds with good yields utilizing different anilines and the catalyst resulted
stable for at least 10 runs with a low leaching. In this case the unique catalyst carries out
the initial epoxidation and the following formation of oxazolidinones through the three

component mechanism that involves epoxides, amines and carbon dioxide.>”-%
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Scheme 22: production of oxazolidinones from alkenes, anilines, and CO; trough the formation of

epoxides.
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11. Aim of the thesis

As presented in the previous pages, the carbon dioxide cycloaddition to three membered
heterocycles can be a valuable tool to produce useful cyclic carbonates and oxazolidinones
exploiting carbon dioxide as a carbon source. Moreover, this reaction is a simple and
effective way to apply the green chemistry and CCU principles and may be industrialized to
improve the sustainability of the synthetic pathways currently exploited. The utilization of
this reaction, for example, makes possible to avoid toxic reactants as phosgene and, at the
same time, gives an added value to an ubiquitous waste and greenhouse gas as CO; helping
to reduce its concentration in the atmosphere.

This work is devoted to the study of sustainable organic catalysts, both homogeneous and
heterogeneous, for the production of cyclic carbonates and oxazolidinones from epoxides
and aziridines respectively. Two different ways was followed to improve the sustainability
of this reaction: the utilization of organic catalysts, that makes possible to avoid the
presence of metal traces in the final products and to use less toxic solvents, and the
preparation of a hybrid heterogeneous material, that simplifies the purification protocols
and enables an easy recovery of the catalyst. Here will be presented the study of the activity
of free-base porphyrins in this class of reactions and the role of the porphyrin itself in the
activation of the ammonium salts. This study paved the way to the presentation of the first
general methodology for the preparation of N-aryl oxazolidinones from the corresponding
aziridine and carbon dioxide. Moreover, a tandem procedure for the synthesis of these

useful organic compounds was developed
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1. The ruthenium bis-imido porphyrin catalyst

In this chapter the activity of the homogeneous catalytic system meso-tetraphenyl
porphyrin/TBACI will be discussed.

Keeping in mind the previously reported study that exploited the reactivity of porphyrin
metal complexes and ammonium salts in the carbon dioxide cycloaddition to three
membered heterocycles, free-base porphyrins have been tested in order to improve the
reaction sustainability. The possibility to avoid the utilization of metals combined with the
necessity to improve the activity of organic catalysts utilized to promote this
transformation produced the efforts devoted to this project.

In the last years, the experience of the research group in the synthesis of aziridines from
styrenes and aryl azides via the nitrene transfer reaction generated the interest in further
reactions that may involve these organic molecules. At the same time, the abundancy of
studies about the reaction between epoxides and carbon dioxide exploiting
porphyrin-based catalysts and the concomitant lack of general methodologies for the
corresponding reaction between N-aryl aziridines and CO; raised the interest in this field.
In particular, the clear advantages presented by the utilization of carbon dioxide as an
organic synthon and the necessity to improve the synthetic pathways for the production of
N-aryl oxazolidinones make this topic interesting and worth of study.

Two previous PhD thesis carried out in the research group established the ability of
ruthenium bis-imido porphyrins in combination with ammonium salts to catalyze the
cycloaddition reaction of carbon dioxide to epoxides®®? and N-alkyl aziridines'®! as a starting
point for further investigations.

First, different catalysts have been tested to understand the role of the imido moieties and
how they are involved in the reaction mechanism. Both the porphyrin ligand and the imido
moieties have been modified to produce a library of electronically different metalorganic
compounds and, among all the complex applied to the studied reaction, Ru"(TPP)(NAr),
(Ar = 3,5-(CF3)CgHs 1), in combination with the co-catalyst tetrabutyl ammonium chloride

(TBACI), was identified as the most active catalyst.
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By reacting N-alkyl aziridines with carbon dioxide in the presence of this
catalyst/co-catalyst combination for 6 h, at 100 °C and 0.6 MPa and with a
catalyst/co-catalyst/aziridine ratio of 1:5:100, different N-alkyl oxazolidinones were
produced obtaining yields up to 99% and regioselectivities for the 3,5-substituted

regioisomer (product a, table 1) up to 99:1, as reported in table 1.

Table 1: Synthesis of oxazolidinones catalyzed by 1.

Ar Jz) O
O
N-R 1/'IC':BOAZ\CI )\/N_R * (\)\<N_R
Ar
a b Ar

Entry Ar R Yield (%) a/b®
1 -Ph -Et 65 95:5
2 -Ph -Pr 60 90:10
3 -Ph -"Bu 71 95:5
4 -Ph pr 20 90:10
5 -Ph - Amyl 81 92:8
6 -Ph -Allyl 70 94:6
7 -Ph “"Hex 55 94:6
8 -Ph -Cyp 10 99:1
9 -Ph -CH,Cy 55 94:6
10 -Ph -Bn 85 99:1
11 -Ph -(2-OMe)Bn 64 99:1
12 -Ph -(4-OMe)Bn 60 99:1
13 -(2-Me)Ph -"Bu 92 90:10
14 -(3-Me)Ph -"Bu 96 90:10
15 -(4-Me)Ph -"Bu 90 90:10

Reactions carried out in a steel autoclave at 100 °C and, 0.6 MPa of carbon dioxide for 6 h.
1/TBACI/Aziridine = :1:5:100. a) Isolated yields. b) Determined by *H NMR spectroscopy using

2,4-dinitrotoluene as the internal standard.
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In general, the catalyst displayed worse activity with the increase of the bulkiness on the
nitrogen atom substituent. On the contrary, the presence of electron rich aryl ring on the
carbon atom improved the reaction productivity. Moreover, it is possible to notice this
effect independently from the position of the EDG group on the phenyl substituent.

In addition, the catalytic system resulted active in the conversion of epoxides into the

corresponding cyclic carbonates with yields up to 99 %, as reported in chart 1.

Chart 1: Synthesis of cyclic carbonates catalyzed by 1.

O
R r
_Cco
jéo —ATBACT >l\<
!'R R
Y 0

CI\)\/O

Conversion: 100%
Selecitivity: 99%
Yield: 99%

0]
0//<o
PhO__

Conversion: 100%
Selecitivity: 94%

Pu
Conversion: 100%

Selecitivity: 65%
Yield: 65%

oA

AIIO\)\/O

Conversion: 100%
Selecitivity: 99%

oA
)\/O
Conver5|on 100%

Selecitivity: 99%
Yield: 99%

{
0 O

Conversion: 100%
Selecitivity: 17%

Yield: 94% Yield: 99% Yield: 17%
0 //Z)
oA 0
>‘\/O 0
Ph P
Ph
Conversion: 100% Conversion: 100%
Selecitivity: 15% Selecitivity: 15%
Yield: 15% Yield: 15%

Reactions carried out in a steel autoclave at 100 °C and, 0.6 MPa of carbon dioxide for 8 h.
1/TBACl/epoxide = 1:5:100. Yields and conversions determined by 'H NMR spectroscopy using

2,4-dinitrotoluene as the internal standard.
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The reported catalytic combination resulted effective in the conversion of terminal
epoxides but demonstrated poor activity when applied to disubstituted or internal
epoxides. It is worth of notice that the reported oxiranes reacted with CO; also in the
presence of the sole TBACI obtaining only slightly worse results with overall good yields:
just in a few cases an important decrease of the selectivity was detected. These results
confirm the good activity of ammonium salts in the carbon dioxide cycloaddition reactions.
After the isolation of the intermediate I3 (scheme 23), a general mechanism for the
cycloaddition of carbon dioxide to three membered heterocycles catalyzed by complex 1
was hypothesized (scheme 23). First, the nitrogen atom of the imido moiety activates the
carbon dioxide molecule forming a reactive intermediate l;. The so-formed complex may
go through two different processes with opposite results. Either it may be deactivated by
reacting with TBACI and forming a stable salt I that leaves the catalytic cycle or I3 may be
responsible for the ring-opening reaction of the three membered heterocycle, yielding the
charged intermediate l.. Then, the ring-closing step brings to the formation of the five

membered heterocycle and the regeneration of the catalyst.
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2. A new catalytic system

Considering the results obtained using 1 with N-alkyl aziridines and epoxides, the activity
of the bis-imido catalyst was evaluated in the reaction between 1-(3,5-
trifluoromethylphenyl)-2-phenyl aziridine 2. After 15 h at 100 °C and 1.2 MPa of carbon
dioxide in benzene, 60% of the aziridine was converted but the obtained selectivity was
very low (table 2, entry 1), in fact, many different unidentified by-products were presents
in the reaction mixture.

To investigate the role of the metal center and of the imido moieties, catalyst 1 was
substituted with the ligand meso-tetraphenyl porphyrin (TPPH,, 3) in combination with
TBACI. The catalytic system 3/TBACI showed reduced activity but increased selectivity for
the production of the desired oxazolidinone (table 2, entry 2). Thus, the benefit in term of
sustainability to replace a ruthenium-based catalyst with an organic and cheap molecule
like TPPH; attracted our attention. Then, deeper studies were carried out to fine tune the
catalytic system that displayed such good selectivity for the synthesis of N-aryl
oxazolidinones, which are a tricky class of compounds to be obtained through carbon
dioxide cycloaddition. First, since the reaction was carried out in the absence of a metal
atom, it was possible using a coordinating solvent that otherwise would deactivate the
catalytic center. Thus, we replaced benzene with tetrahydrofuran (THF), which solubilizes

better carbon dioxide?®3

and also the catalyst and co-catalyst. The improvement of the
catalytic performances was evident since the first reaction (table 2, entry 3), the conversion
remarkably increased even if a slight decrease of the selectivity was detected. In fact, the
use of THF guaranteed a higher concentration of carbon dioxide into the mixture,
improving the product yield of the coupling reaction between CO; and 2. Afterwards, two
different organic co-catalysts, used in literature in the cycloaddition of carbon dioxide to
aziridines and oxiranes such as PPNCI (bis(triphenylphosphine) iminium chloride) and
DMAP,?%* were tested in the same reaction in combination with 3: lower or no results were
obtained (table 2, entries 4 and 5). In the first case, PPNCI produced worse results probably

because the phosphonium cation is bigger than the ammonium one, as indicated also by

the low regioselectivity; usually the regioisomer a is the favored reaction product but the
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encumbrance of the onium salt may turn the regioselectivity toward the product b. On the
other hand, DMAP generally needs a synergic nucleophile species, and this role cannot be
played by the porphyrin with the consequent observed lack of activity. Thus, the best co-
catalyst resulted to be TBACI, which produced the best values for conversion, selectivity,

and regioselectivity.

Table 2: cycloaddition reaction to produce 4a/4b.

CF;
CF3 CF;
FsC o O
0o, mtman . Ay r o
CFs CF3
2 4a 4b
Entry Catalyst Co-catalyst | Conversion (%)? | Selectivity (%)¢ | Yield 4a/4b°
(%)°
1° 1 TBACI 60 40 24 97:3
2 TPPH, TBACI 20 90 18 90:10
3° TPPH, TBACI 61 80 49 90:10
4b TPPH, PPNCI 49 78 38 65:35
5P TPPH, DMAP / / / /
6b TBACI 63 79 50 74:26
7° TPPH, / / / /
8 TPPH, TBACI 20 80 16 90:10
9 TBACI 5 79 4 76:24

a) Reaction performed in a steel autoclave: 0.11 M benzene N-aryl aziridine solution for 15 h at
1.2 MPa, 100 °C and cat/co-cat/aziridine ratio 1:10:100. b) Reaction performed in THF. c) Reaction

run for 6 h. d) Determined by H NMR by using 2,4-dinitrotoluene as the internal standard.

Then, to understand the porphyrin catalytic role, a reaction with the sole TBACI was run
(table 2, entry 6), obtaining very similar conversion and selectivity with respect to the
combination 3/TBACI; however, the a/b ratio improved in the presence of the porphyrin.

Note that 3 alone was not active in this transformation (table 2 entry 7) to underline the
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pivotal role played by the ammonium salt in this reaction. Finally, to improve our
knowledge about the TPPH, role in synthesis of oxazolidinones, two more reactions were
carried out by reacting aziridine with CO; for a reduced time. The reaction catalyzed by the
system 3/TBACI| was more productive than the reaction carried out with the ammonium
salt alone to underline that after a short reaction time the presence of the porphyrin

improves both the regioselectivity and the rate of the substrate conversion.
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3. Optimization of the reaction conditions

Once the catalytic activity of the system TPPH,/TBACI was confirmed, the interest in
applying such a convenient methodology to synthesize N-aryl oxazolidinones (NAOs)
resulted evident. Thus, this pathway was investigated in depth starting from the
optimization of the reaction conditions.

As a model reaction, the cycloaddition of carbon dioxide to 2 was chosen, producing
oxazolidinones 4a and 4b, and the reaction parameters were tuned one by one to maximize
the reaction productivity.

Initially, seven experiments at different substrate concentrations were performed by
utilizing the following reaction conditions: the THF solution of 2 at the desired
concentration was stirred for 15 h at 100 °C and 1.2 MPa of CO; in a steel autoclave with a

3/TBACI/2 ratio of 1:10:100. The gathered results are reported in figure 18.

100 Entry Conc (M) Yield (%)
85 1 0.075 30
X 70 2 0.16 45
3 3 0.33 58
$ 55 '

4 0.66 69

40
5 1.00 80

25
0o 03 06 09 1,2 15 18 21 6 1.50 86
[Aziridine] (mol/L) 7 2.00 a1

Figure 18: optimization of the aziridine concentration.

As shown in figure 18, the best result was obtained at 1.50 M of aziridine in THF. The
reaction vyields growth continuously up to 86%, then a slight decrease at higher
concentration was detected that can be also due to the increase of the reaction mixture
density at concentrations higher than 2.0 M. A regioisomeric ratio 4a/4b of 86:14
corresponds to the yield reported in entry 6 of figure 18. In addition, using the same
experimental conditions, a solvent free reaction was performed, obtaining the good
conversion of 88% but with the lower selectivity towards the desired product of 77%,

probably due to the occurrence of the aziridine homocoupling. Then, once the aziridine
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concentration was fixed at 1.5 mol/L and without changing the other parameters, five
different pressure values were tested.

The best result was obtained using 1.2 MPa of CO.. It is important to note that at higher
pressures the reaction yield decreased probably due to the small volumetric expansion that
occurs at high pressures and the consequent aziridine dilution was responsible for the
decrease of the catalytic efficiency.?®®> Moreover, it is important to underline that the
system was quite effective even at lower pressures (entry 1 and 2, table of figure 19) but
those conditions would require very long reaction times. Considering that less reactive
substrates may not give satisfying results in such soft conditions, we decided to proceed in

our study by fixing the pressure at 1.2 MPa.

9% Entry CO, pressure (MPa) | Yield (%)
85
1 0.1 56
xR 75
2 2 0.4 57
> 65
3 0.6 74
55
4 1.2 86
45
0 0,5 1 1,5 2 5 1.8 75
CO, pressure (MPa)

Figure 19: carbon dioxide pressure optimization.

Then, the effect of the temperature was studied by applying the values of pressure and
concentration optimized up to know (1.5 M aziridine in THF and 1.2 MPa of CO;) and by

running reactions for 15 h.

100
Entry T(°C) Yield (%)
80 1 25 8
® 60 2 50 9
=g
2
> 40 3 75 32
20 4 100 86
0 5 125 99
0 25 50 75 100 125 150
100 6 150 99

Figure 20: temperature optimization.

67



Chapter Il: Homogenous catalysts for the CO, cycloaddition reaction

Raising the temperature up to 125 °C the complete conversion of the substrate was
obtained, reaching 99% of yield with a 4a/4b regioisomeric ratio of 86:14. It is important
to note that up to 75 °C the reaction productivity was quite low. This result indicated the
presence of quite a high energy barrier, which must be surpassed to produce
oxazolidinones from aziridines and CO,.

Then, some other reactions were carried out to further improve the reaction conditions, as

shown in table 3.

Table 3
Entry TPPH; mol | TBACI mol | Solvent Conversion Selectivity 4a/4b®
% % (%)? (%)?
1 1 10 THF 100 99 86:14
2 1 5 THF 100 99 86:14
3 0 5 THF 84 72 80:20
4 1 5 2-MeTHF 99 81 80:20

Reactions performed in a steel autoclave: 1.5 M N-aryl aziridine solution for 8 h at 1.2 MPa, 125 °C.

a) Determined by 'H NMR using 2,4-dinitrotoluene as the internal standard

First, the time was reduced from 15 h to 8 h, achieving again the complete conversion of
the substrate (table 3, entry 1). Then the quantity of TBACI was halved. Once again, this
change does not affect the catalytic productivity neither the regioselectivity (table 3, entry
2). In the optimized conditions the porphyrin role was investigated one more time running
a reaction with the sole ammonium salt as the catalytic species (table 3, entry 3):
conversion and selectivity fell to 84% and 72 % respectively, underlining the importance of
the macrocyclic molecule in the catalytic system. Finally, in order to improve the
sustainability of this methodology, THF was replaced by the more benign 2-methyl THF,
which is a stable and water-immiscible green solvent derived from natural sources like
corncobs and bagasse.?®® However, its use was thwarted by the decrease of selectivity

detected (table 3, entry 4).
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Then, the following optimized reaction conditions were used to study the reaction scope:
1.5 M aziridine solution in THF, 125 °C, 1.2 MPa of carbon dioxide, and 8 h in a steel
autoclave utilizing a TPPH,/TBACI/aziridine ratio of 1:5:100.
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4. Study of the reaction scope of the carbon dioxide

cycloaddition to N-aryl aziridines

The data gathered during the study of the reaction scope are reported in table 4. They
indicated that the reaction productivity was affected by both steric and electronic factors.
When R; was an electron withdrawing group (EWG) the reaction experienced a beneficial
effect, as proven by the complete conversion of the aziridine into the desired
oxazolidinone, as reported in entries 1 and 2 of table 4. Then, it was noticeable that the
addition of a methyl or bromine substituent on the R; position of aziridine, bearing an EWG
as Ry, did not affect the reaction productivity (table 4, entries 3, 5 and 6). On the contrary,
the addition of a bulkier moiety, as in the case of aziridine 9, caused a slight decrease of
selectivity and yield.

The simultaneous presence of two EWGs, such as 3,5-(CF3).CsHs and CgFs, was responsible
for a slight decrease of the reaction productivity (table 4, entry 7). On the other hand, it is
important to note that when EWG and electron donating groups (EDG) are both present on
the two different phenyl rings, the reaction productivity improved compared with that of
the previous case (table 4, entry 8). In fact, when aziridine 17 was reacted, 92% of
conversion with 86% of selectivity was observed with a 91:9 regioisomeric ratio by favoring
the formation of oxazolidinone 18a. The obtained data suggested that the C-N bond may
be polarized by the presence of two groups with opposite electronic characteristics and
this event could help the aziridine opening through the cleavage of the C-N bond. It seems
that it is not important on which phenyl ring EWG and EDG are located to induce the bond
polarization. Moreover, this can explain the decrease of reaction productivity noted for the
reaction described in entry 7 of table 4. Thus, when any Rs substituent is present and R; is
an EWG, the aziridine conversions and oxazolidinone yield increased due to the bond
polarization. This suggestion is in accordance with the reduction of the reaction
productivity that was observed when EDG substituted aziridines 19 and 21 were reacted
(table 4, entries 9 and 10). The data gathered during the study of the reaction scope are
reported in table 4. They indicated that the reaction productivity was affected by both

steric and electronic factors. When Ri was an electron withdrawing group (EWG) the
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reaction experienced a beneficial effect, as proven by the complete conversion of the

aziridine into the desired oxazolidinone, as reported in entries 1 and 2 of table 4.

Table 4: synthesis of N-aryl oxazolidinones catalyzed by the TPPH,/TBACI system.®

R, 0 _ /R1 0o - /R1

N N + CO; TBi((!IT;OrIT:ﬁI)%) O/U\N/Q/7 + OJLN/@
R1+\ | R T — Ry R ®

_ \ 2 2 7N\
3= Ph Ph \ /\R3 R3/___
Ph

Entry | Aziridine | R R2 R3 Conv. %° | Sel. % | Yield % | a/bP
1 2 3,5-(CFs); | H / >99 >99 >99 4a/4h=86:14
2 5 4-NO, H / >99 >99 >99 6a/6b=78:22
3 7 3,5:(CFs)2 |H | 4Me | >99 90 >99 8a/8b=80:20
4 9 3,5(CFs), |H | 4Bu | 98 86 84 10a/10b=99:1
5 11 4-NO, H 4-Me | >99 90 90 12a/12b=85:15
6 13 3,5-(CFs); | H 4-Br >99 >99 >99 14a/14b=80:20
7 15 35(CFs)2 | H | Fs 80 80 64 16a/16b=82:18
8 17 4-'Bu H Fs 92 86 79 18a/18b=91:9
9 19 4-OMe H / 85 23 19 20a/20b=99:1
10 21 4-'Bu H / 95 57 54 22a/22b=96:4
11 23 4-Br H / >99 50 50 24a/24b=90:10
12 25 4-Cl H / 97 74 72 26a/26b=89:11
13 27 2-NO, H / >99 60 60 28a/28b=64:36
14 29 3-OMe H / 80 trace trace /
15 30 3,5-Cl, H / 94 >99 94 31a/31b=81:19
16 32 3,5-(NOy),; | H / >99 30 30 33a/33b=76:24
17 34 3,5-(CF3), | Me |/ 73 71 52 35a/35b=94:6
18 36 4-'Bu Me |/ 70 40 28 37a/37b=83:17

a) Reaction performed in a steel autoclave with the following conditions: 1.5 M N-aryl aziridine
solution in THF for 8 h with 3/TBACl/aziridine = 1:5:100 at 125 °C and 1.2 MPa of CO,. b) Determined

by 'H NMR using 2,4-dinitrotoluene as the internal standard. c) Isolated by flash chromatography.
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Then, it was noticeable that the addition of a methyl or bromine substituent on the R;
position of aziridine, bearing an EWG as R;, did not affect the reaction productivity (table
4, entries 3, 5 and 6). On the contrary, the addition of a bulkier moiety, as in the case of
aziridine 9, caused a slight decrease of selectivity and yield.

The simultaneous presence of two EWGs, such as 3,5-(CF3),CsHs and CgFs, was responsible
for a slight decrease of the reaction productivity (table 4, entry 7). On the other hand, it is
important to note that when EWG and electron donating groups (EDG) are both present on
the two different phenyl rings, the reaction productivity improved compared with that of
the previous case (table 4, entry 8). In fact, when aziridine 17 was reacted, 92% of
conversion with 86% of selectivity was observed with a 91:9 regioisomeric ratio by favoring
the formation of oxazolidinone 18a. The obtained data suggested that the C-N bond may
be polarized by the presence of two groups with opposite electronic characteristics and
this event could help the aziridine opening through the cleavage of the C-N bond. It seems
that it is not important on which phenyl ring EWG and EDG are located to induce the bond
polarization. Moreover, this can explain the decrease of reaction productivity noted for the
reaction described in entry 7 of table 4. Thus, when any Rs substituent is present and R; is
an EWG, the aziridine conversions and oxazolidinone yield increased due to the bond
polarization. This suggestion is in accordance with the reduction of the reaction
productivity that was observed when EDG substituted aziridines 19 and 21 were reacted
(table 4, entries 9 and 10).

It is interesting to note that the presence of halide substituents reduced the reaction
productivity, oxazolidinone 26 was obtained with 72% of yield (table 4, entry 12) and the
bromine substituted was isolated with the moderate yield of 50% (table 4, entry 11).

The position of the substituent on the phenyl ring also plays an important role in the
reaction. In fact, when the nitro group was moved from the para position with respect the
nitrogen atom to the ortho one, the selectivity decreased to 60% yield, but the obtained
regioisomeric ratio 28a/28b of oxazolidinone resulted 64:36 (entry 13, table 4). An even
worse result was obtained by reacting aziridine 29 with carbon dioxide: only traces of the
desired oxazolidinone were detected between many not-isolated side-products due to the

very low registered selectivity.
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Then, even if the aziridine bearing on the nitrogen atom a 3,5-dichloro substituted phenyl
ring was efficiently converted (table 4, entry 15), the reaction between aziridine 32 and CO;
produced only 30% vyield of oxazolidinone 33 (a/b ratio = 76:24). Despite the complete
aziridine conversion, a plethora of non-characterized side-products was detected. This
behavior may be caused by the poor solubility of the dinitro substituted aziridine that may
disfavor the reaction with carbon dioxide.

Then, the study of the reactivity of di-substituted aziridines revealed that the presence of
a further substituent on the three-membered heterocycle has a negative effect (table 4,
entries 17 and 18). The reaction of substrates 34 and 36 occurred with low conversion and
selectivity and, accordingly with data reported above, the presence of an EWGs improved
the reaction productivity and oxazolidinones 35 and 37 were isolated in 52% and 28% yield,
respectively.

In all the reactions reported in table 4, regioisomer a was the favorite one to point out that
the ring opening event is always favored on the more substituted carbon atom. This
hypothesis was supported by the lack of reactivity of the aziridine 38 towards carbon
dioxide probably due to the too high steric hindrance on the carbon bearing the phenyl
group. Despite the complete conversion of the substrate, no oxazolidinone was formed and
among many side-products formed, the only one that was isolated and characterized was

the corresponding allyl amine, as reported in scheme 24.

FsC CF3
Ph
H
N N CF3 3=Ph Ph
3/TBACI + other by-products
1.2 MPa CO,
38 30% % o
° CF3

Scheme 24: Reaction performed in a steel autoclave with the following conditions: 1.5 M N-aryl

aziridine solution in THF for 8 h with 3/TBACl/aziridine = 1:5:100 at 125 °C and 1.2 MPa of CO..
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5. Tandem procedure for oxazolidinones synthesis

Starting from Professor Gallo’s group expertise in the synthesis of aziridines from alkenes
and aryl azides, a tandem procedure was developed to improve the reaction sustainability.
The first step of the reaction consisted in the preparation of N-aryl aziridines via a nitrene
transfer reaction from aryl azides to styrenes catalyzed by Ru(TPP)(CO) 40.%*’ The
aziridination yield was determined by 'H NMR by using 2,4-dinitrotoluene as the internal
standard after the evaporation of the reaction solvent and low-boiling unreacted liquid
alkenes such as styrene. At this point, the reaction mixture was solubilized in THF,
transferred in a steel autoclave, and reacted with carbon dioxide after adding the catalytic

3/TBACI system.

N3 Ph
N X
| \# + | \z 3= Ph Ph
R R>
Ph
Ru(TPP)(CO)

N COz
| N | N 3/TBACI
NG &
R1 R

Scheme 25: tandem procedure for the preparation of oxazolidinones from styrenes, aryl azides and

carbon dioxide.

To study the applicability of this tandem procedure three different oxazolidinones were
prepared. Compounds 4a/4b and 20a/20b were formed by reacting the corresponding
aziridines with CO; in order to investigate opposite reactivities. As reported in table 5, the
first oxazolidinone was obtained in more than 99% vyield while the second in only 18%.

Furthermore, the study of these two syntheses allows understanding the eventual
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influence of unreacted species formed during the first step of the tandem reaction on the
second step of the process. In fact, the preparation of aziridines 2 and 19 are the most and
the worst effective among those reported in the reaction scope, while 2 was obtained in
99% of yield, aziridine 19 was formed in the moderate yield of 65%. As reported in figure
21, the presence of unreacted material did not influence the oxazolidinone formation and
the tandem reaction produced the two desired products with yields and regioselectivities
were very similar to those obtained by starting from the purified aziridine to underline the
effectiveness of this new protocol.

It is important to highlight that the catalyst of the first step, Ru(TPP)CO, did not have any
influence on the reaction between aziridine and carbon dioxide as well as the presence of

unreacted azide. These results underlined the stability and activity of the reported catalytic

system.
CF3
X LCOre X
O N O N O N
CF3 a1 OMe
4 20

Yield = >99% Yield = 20% F Yield = 35%
a/b =75:25 a/b = 99:1 a/b =99:1

Figure 21: oxazolidinones produced by the tandem methodology.

Another important result obtained by using this tandem protocol is the production of
compound 41 as the only regioisomer. This molecule is a A-5 desaturase (D5D) inhibitor, a
potent anti-inflammatory®®® and even if the obtained yield was not very high (35%), this
result is worth of mention because of the high in vitro activity of this compound and the
lower vyield that was reported for the previous synthesis starting from the epoxide
(3-4%).%#

The reported tandem reaction is the first one reported for the synthesis of N-aryl
oxazolidinones starting directly from alkenes and carbon dioxide and it is an interesting

synthetic procedure because Ru(TPP)(CO) did not affect the carbon dioxide cycloaddition
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to aziridine, the styrene, or other low-boiling alkenes, may be easily eliminated during the
purification step and the eventual residue of aril azide did not compromise the
oxazolidinone production. This protocol presents different features of green chemistry: a)
itis possible to avoid the purification of intermediate by applying the tandem methodology;
b) the starting reagents are cheap and easy to obtain; c) the catalytic system is cheap and
stable; d) carbon dioxide is exploited as one of the reagents; e) the only reaction by-product

is benign molecular nitrogen; f) the atom economy of the reaction is very high.
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6. Mechanistic insight

In collaboration with Dr. Gabriele Manca of the ICCCOM-CNR of Sesto Fiorentino, the
reaction mechanism was investigated by DFT studies. Previous research about the
cycloaddition of carbon dioxide to N-alkyl aziridines has been devoted to understanding
the role of metal centers.”*#1°%%¢! |t is important to note that the mechanism of the
uncatalyzed!®*?% reaction was also studied and theoretical investigations showed an
energy barrier of almost 50 kcal/mol for the aziridine conversion.

The first goal of the theoretical studies was clarifying the porphyrin role in the reaction.
The modelling of the interaction between TPPH, and the other reaction components
revealed that 3 may accommodate the cation of the ammonium salt forming the adduct
Al. The result of these interactions is the activation of the halide anion that is more prone
to attack the aziridine for allowing the ring-opening reaction. The formation of this adduct
is exergonic by -7.5 kcal/mol.

Then the comparison between the reaction of 2 with Al or TBACI alone, forming
respectively adducts A2 and A3, underlined the beneficial role of the porphyrin. While the
formation of A2 is exergonic by -8.4 kcal/mol, A3 was achieved by an endergonic

transformation.

Ar = 3,5-(CF3)2C6H3N

Ph/<\N
"Ar 2T TS
© Al = 154 =
Q cl @ s LCo s
JAr = 63 % +
o N Ar A1 g o 2
>/’ \N ©e & ‘ v ._4- 28.1
PH c (A2 E 5T tepH, 85
81 Q o TBACI :
° Ph TR : '-.
Ad Ar o [ : .'.
A9 = x/\ T e B
Cl (@] COz pR— '-_
0= 08 A2 44 A1
Ph

Scheme 26: proposed mechanism and energy profile for the cycloaddition of carbon dioxide to N-

aryl aziridines catalyzed by the system TPPH,/TBACI.
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The proposed mechanism (scheme 26) shows the initial attack of the chloride anion, which
was activated by the formation of the Al adduct, to the aziridine ring at the more
encumbered carbon. A free energy barrier of +23.5 kcal/mol, which is the highest of the
catalytic cycle and corresponds to the formation of TS, represents the rate determining
step (RDS) and it is associated with the ring-opening process. The so-formed opened
aziridine can activate carbon dioxide through an interaction between the negatively
charged nitrogen atom and the electron deficient carbon atom of the CO, molecule forming
A4. At this point, the negatively charged oxygen atom is responsible for the ring-closing
step, which produces the desired oxazolidinone and the initial adduct A1, which can start
a new catalytic cycle. The whole process occurs with a free energy gain of -2.2 kcal/mol
that is consistent with similar reported processes.® It is important to note that the highest
energy barrier encountered in the reaction catalyzed by the system 3/TBACI (23.5 kcal/mol)

is much lower than the 50 kcal/mol reported for the uncatalyzed reaction.
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7. Enlarging the reaction scope

After the study of the catalytic system applied to the conversion of N-aryl aziridines, a new
study was performed to extend the applicability of the protocol. The 3/TBACI catalytic
system was applied to the conversion of N-alkyl aziridines into the corresponding
oxazolidinones.

Initially, aziridine 2 and 1-"butyl-2-phenyl aziridine 42 were reacted with carbon dioxide.
These two model reactions were used to compare the reactivity of the two classes of
aziridines by testing, in combination with TBACI, the catalytic activity of several porphyrins
to study the influence of the steric and electronic characteristic of the catalyst on the
reaction productivity.

The syntheses of oxazolidinones 4 and 3-butyl-5-phenyl-oxazalidin-2-one 43 were
performed in the reduced time of 3 hand 1 h, respectively. These short reaction times were
applied in order to magnify the differences arisen from the reactivity of the used catalytic
systems without flatten them. In fact, when the two reactions were run for longer time,
the complete aziridine conversion was observed in both cases and it was not possible to
observe the difference in the porphyrin reactivity under the applied catalytic conditions.
Results reported in table 5 highlight the generally better reactivity of N-alkyl aziridines that
were converted into corresponding oxazolidinones in higher vyields and a/b
regioselectivities with respect compounds deriving from N-aryl derivatives. The reaction
productivity of the synthesis of compounds 43 was less dependent upon the nature of the
porphyrin catalyst with respect the synthesis of 4 probably due to the intrinsic higher
reactivity of aziridine 42 in this transformation with respect to aziridine 2. While in the
synthesis of oxazolidinone 4, the best yield and regioselectivity was obtained by using the
catalyst 3, the preparation of 43 was efficiently catalyzed by
meso-tetrakis(4-carboxyphenyl) porphyrin (4-COOHTPPH;) 46. The general trend is similar
for both the aziridines tested. Even if electron rich porphyrins seem to be slightly better
catalysts for the carbon dioxide cycloaddition to aziridines, acquired data revealed that the
presence of either EDG or EWG on the meso position of the porphyrin ring (porphyrins 44

and 45, entries 2 and 3, table 5) poorly influenced reaction yields. In addition, electronic
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differences of applied catalysts had a very limited effect on the a/b regioselectivity. On the
contrary, the steric encumbrance of the porphyrin plays a more important role, as
suggested by the low productivity that was observed in the presence of

5-(pentafluorophenyl)-10,15,20-triphenyl porphyrin (FsTPPH,) 47 (entry 5, table 5).

Table 5: catalytic tests of different porphyrin/TBACI catalytic systems.

R O O
N porphyrin (1 mol %) O)kN’R O/lLN’R
)) +CO; ~TBACI (5 mol %) )_/ * “{
Ph Ph a b Ph

4: R = 3,5-(CF53),CgHs 43: R = "Butyl

Entry | Porphyrin Yield 4 (%) | 4a/4b ratio® | Yield 43 (%)° 43a/43b ratio®
1 3 TPPH; 95 87:13 95°¢ 95:5

2 44 4-'BuTPPH, 69 83:17 94°¢ 91:9

3 45 4-CFsTPPH; 61 85:15 80° 92:8

4 46 4-COOHTPPH, | 84 86:14 99°¢ 86:14

5 47 FsTPPH; 69 87:13 76°¢ 88:12

6 48 F»oTPPH, 43 84:16 74°¢ 89:11

7 49 OEPH, 63 84:16 85°¢ 93.7

a) Reaction performed in a steel autoclave with the following conditions: 1.5 M aziridine solution in
THF for 3 h with porphyrin/TBACl/aziridine = 1:5:100 at 125 °C and 1.2 MPa of CO,. b) Determined

by 'H NMR using 2,4-dinitrotoluene as the internal standard. c) Reaction stopped after 1 h.

The worsening effect of bulky porphyrins on the catalytic activity is well evident when the
catalyst meso-tetrakis(4-pentafluorophenyl) porphyrin (F20TPPH,) 48, which bears onto the
porphyrinic skeleton four pentafluorophenyl moieties instead of only one, was used. This
effect is more evident in the case of the synthesis of aziridine 2 probably due to the higher
encumbrance of the phenyl ring compared to that of alkyl substituent on the aziridine
nitrogen atom. Utilizing octaethylporphyrin (OEPH,;) 49, which has no meso

functionalization but shows ethyl groups on f8-pyrrolic positions, the reaction productivity
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decreases too. In conclusion, reported data indicated that the porphyrin steric and
electronic characteristic did not greatly influence the reaction outcome.

HOOC 6 COOH Bu Bu  FiC CFs

HoOoC COOH 'Bu Bu  FsC CF,

Figure 22: porphyrins utilized in the reactivity study.

The catalytic role of the porphyrin was confirmed by running the synthesis of
oxazolidinones 4 and 43 in the presence of the sole TBACI and by applying the reaction
conditions reported in table 6. In these cases, the products were obtained in 54% and 80%
of yield, respectively.

Considering catalytic data and the commercial availability at low costs of TPPH,, this
catalyst must be considered the most convenient promoter and, to further enhance its
catalytic activity, it was tested in the presence of other ammonium salts as the co-catalyst.
Porphyrin 3 was tested alongside tetrabutyl ammonium bromide (TBAB) and tetrabutyl
ammonium iodide (TBAI) and the combinations TPPH,/TBAB and TPPH»/TBAI produced
after 1 hour compound 43 with 27% and 42% vyield, respectively. In view of achieved data,
tetrabutyl ammonium chloride was confirmed as the best salt to utilize in this
transformation.

Taking into account the obtained results, the catalytic 3/TBACI system was selected to

study the cycloaddition reaction of carbon dioxide to several N-alkyl aziridines.
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Chart 2: cycloaddition of carbon dioxide to N-alkyl aziridines.

R

N 3 (1 mol %) (0] N’R (0] N’R = Ph
)} +CO2 ~TBACI(5 mol %) \ T 3=

Ph Ph a b Ph 1
Tom Kom Ao K g
0" "N"BU o)J\N-"Bu Q" N-Bu_ O)kN‘iBU 0" N-BU O/U\N‘tBu
Ph 43a 43b Ph  Ph 50a 50b Ph Ph 51a 51b Ph
Yield = >99% a/b = 95:5 Yield = 84% a/b = 99:1 Yield = 18% a/b = 95:5
) O 0 ) O 0]

O)J\N,"Amyl o)J\N.fAmyl o)J\N’Cyp o)LN’Cyp o)LN’Cy 0
+

+ + )LN/Cy
ph>?2/a \ao<ph Ph)?s/a \53_b<Ph Ph>_5_4/a 54b Ph

Yield = 91% a/b = 87:13 Yield = 95% a/b = 94:6 Yield = 52% a/b = 94:6
O

O
)LN,Bn )LN,Bn

(0] (0]
0 + O O)J\ N/\Qi o)L ND
Ph)?f':a \55—b<Ph Ph)—;ﬁ/a \_<Ph
OMe 56b OMe

Yield = 67% a/b = 91:9
Yield = 90% a/b = 99:1

Reaction performed in a steel autoclave with the following conditions: 1.5 M aziridine solution in THF

for 6 h with 3/TBACl/aziridine = 1:5:100 at 125 °C and 1.2 MPa of CO,. Yields and a/b ratios

determined by 'H NMR using 2,4-dinitrotoluene as the internal standard.

The products reported in chart 2 were obtained by running the reactions for 6 hours to

magnify the catalytic performances even with less reactive substrates. It is important to

underline that the regioisomeric ratio is not affected by reaction time, as suggested by the

same 43a/43b ratio that was obtained by reacting aziridine for 1 or 6 hours (see table 5,

entry 1 and chart 2).

As already stated above, the steric encumbrance on the nitrogen atom determines the

reaction productivity. In fact, compounds 43, 50, and 51 were formed in >99%, 84% and

18% yield and the decrease of the reaction productivity was ascribed to the increase of the

bulkiness on the nitrogen substituent. In addition, the enlargement of the alkyl chain

improved the reaction productivity due to the presence of a CH; spacer before the chain

ramification that reduce the steric hindrance around the nitrogen atom (compare products
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50 and 52 in chart 2). The same trend was observed in the case of cyclic alkyl substituent,
as shown for the synthesis of products 53 and 54 that have been obtained in 95% and 52%
yields, respectively. It is interesting to note that the steric hindrance did not impact on the
reaction regioselectivity. The reaction of N-benzylic aziridines with carbon dioxide
produced compounds 55 and 56 in 67% and 91% vyields, respectively and in both cases a
very good regioselectivity was observed probably due to the presence of the -CH,- spacer
between the phenyl group and the nitrogen atom of the aziridine.

It is worth mentioning that in all the cases reported in chart 2, oxazolidinones were formed
with a 100% of selectivity.

In collaboration with Dr. Gabriele Manca, the cycloaddition reaction of carbon dioxide to
N-alkyl aziridines was investigated by the DFT studies and it resulted to be very similar to
that already described for N-aryl aziridines in scheme 26. Only little energy differences
were calculated by modeling aziridine 42 as the starting material. It is interesting to
highlight that the ring-opening reaction requires more energy in this latter case because
the resulting opened intermediate does not efficiently stabilize the negative charge on the
nitrogen atom and this destabilization guarantees an efficient carbon dioxide activation
with the following ring-closing step. N-butyl oxazolidinone was achieved with an overall
energy gain of -4.7 kcal/mol, that is higher than that one calculated for the synthesis of
oxazolidinone 4 in accordance with the general higher reactivity of N-alkyl aziridines with
respect to N-aryl aziridines. The overall gain is granted by the very convenient ring-closing
reaction step.

In order to study the influence of the porphyrin structure on the reaction productivity,
different porphyrins were modelled in combination with TBACI and the energy demand of
the formation of adducts with the ammonium salt confirmed the low influence of the
porphyrin structure on the reaction productivity. The different obtained adducts were
formed with energy profiles very similar to that observed in the formation of the A1 adduct.
Aziridine 42 was also reacted in the presence of porphyrin 57 to investigate a possible
asymmetric version of the carbon dioxide cycloaddition reaction. This catalyst was chosen
in view of the good result obtained by using this ligand for the synthesis of chiral iron

complexes that was very active in olefin cyclopropanations.?’%7!
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The reaction was run for 15 h at 1.2 MPa of CO, and 50 °C in the presence of a 57/TBACI/42
ratio = 1:10:100 and a racemic mixture of 43 in 99% vyield and 43a/43b = 90:10 was
produced, confirming the general difficulty to perform stereoselective ring-opening
processes. Thus, in the future, it would be necessary to investigate the transformation of
enantiopure aziridines into the corresponding oxazolidinones to use the reported

procedure for the synthesis of enantiopure products.

Figure 23: porphyrin 57.
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8. Synthesis and catalytic activity of a bifunctional catalyst

In view of the excellent result obtained by using porphyrin-based bifunctional catalysts in
the cycloaddition reaction of carbon dioxide to epoxides producing cyclic
carbonates, 8272273 we decided to synthesize a bifunctional organic catalyst bearing the
ammonium salt onto the porphyrin skeleton.

We prepared the new porphyrin catalyst starting from compound 48. One
pentafluorophenyl rings was replaced by an aromatic moiety which bears on one ortho
position a brominated alkyl chain. The so-obtained A;B porphyrin, prepared by applying a
classic Lindsey’s procedure, was further modified by reacting it with tributyl amine and KCl

to afford catalyst 58 (scheme 27).

CHO CHO

Scheme 27: synthesis of catalyst 58.

Catalyst 58 displays a good mobility of the ammonium arm due to the three -CH,- group of
the linker and consequently the catalyst may adapt its shape to the incoming substrate
during the reaction.

F2,0TPPH; was chosen for the preparation of the new bifunctional catalyst because its poor

activity, when used in combination with TBACI| (entry 6, table 5), allows better
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understanding any positive catalytic effect deriving from the introduction of the
ammonium salt on the porphyrin skeleton.

Catalyst 58 promoted the formation of the desired oxazolidinone in only 49% of yield with
the 43a/43b ratio of 99:1. This reaction was less productive than that performed by
employing the catalytic 48/TBACI system (1:5:100 ratio), which yielded 43 in 74% of yield
with a regioisomeric ratio of 89:11. In both cases 1.5 M solution of the corresponding
aziridine solution in THF was reacted for 3 h at 125 °C and 1.2 MPa of CO,. This
underwhelming result may be the consequence of an insufficient loading of ammonium
salt since when using the binary system, the anion concentration is five time higher than
that of the porphyrin.

The low reactivity of the bifunctional porphyrin was confirmed by DFT studies. As in the
case of binary catalytic systems, the adduct formed by the interaction of the cation with
the porphyrin core must interact with the incoming aziridine to favor the ring-opening step.
In the case of the bifunctional porphyrin, the interaction between the adduct and the
aziridine produces an energy demanding intermediate (+9.7 kcal/mol) that makes the
nucleophilic attack difficult. Considering the experimental and computational results

obtained, the mechanism was not investigated further.
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9. Carbon dioxide cycloaddition to epoxides

In view of the good activity showed by the 3/TBACI system in the conversion of aziridines
into oxazolidinones, the protocol was also applied to the cycloaddition of CO, to epoxides.
In order to optimize experimental conditions, the model reaction between CO; and styrene
oxide (SO) 59 was investigated and since oxiranes are more reactive then aziridines, the
reaction was run by testing lower catalyst/co-catalyst loadings (table 6) by keeping the

reaction conditions studied for the synthesis of oxazolidinones.

o O
oA

3/TBACI

Ph

3= Ph Ph

Ph

Scheme 28: synthesis of styrene carbonate.

Table 6: study of the catalyst and co-catalyst loading reacting SO with carbon dioxide.

Entry 3 (mol%) TBACI TONP TOF® (h) Yield®
(mol%)

1 1 5 99 25 >99

2 0.1 0.5 792 200 80

3 0.01 0.05 3300 660 33

a) Reaction performed in a steel autoclave for 4 h at 125°C and 1.2 MPa of CO; in solvent free

condition. b) Referred to 3. ¢) Determined by *H NMR utilizing mesitylene as internal standard.

We decided to use the 3/TBACI/SO ratio of 1:5:10000 for the following studies because,
despite the moderate yield that was observed, this catalytic ratio was responsible for very
high TON and TOF values. In addition, the sustainability of this protocol was enhanced by
working under solvent-free conditions.

The model reaction was performed several times keeping fixed temperature (125 °C),
pressure (1.2 MPa) and the 3/TBACI/SO ratio (1:5:10000) to identify that 2 h was the most

convenient reaction time to maximize the catalytic performance. If the reaction was run
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for longer times a decrease of the product yield was observed probably due to a catalyst

deactivation.

40 Entry | Time (h) Yield (%)
35 Y
20 y 1 1.5 6
g” 2 175 14
- 20
2
£ 15 3 2.0 33
10
4 3.0 36
5
0 5 4.0 35
1 1,5 2 2,5 3 3,5 4 4,5 5 5,5 6 6,5
Time (h) 6 6.0 34

Figure 24: reaction time optimization.

Then, the temperature effect on the reaction productivity was investigated by reacting SO
with carbon dioxide for 1.5 h at 1.2 MPa of CO, and 3/TBACI/SO ratio 1:5:10000 under
solvent free conditions. The reaction was run for 1.5 h in order to better understand the
effect of the temperature before reaching the plateau.

From gathered data is it possible to conclude that at 125 °C only traces of the desired
product were formed and that the best productivity was reached at 150 °C. Then, at higher

temperatures the reaction yield decreased.

16 Entry | Temperature (°C) Yield (%)

14

12 1 75 1
K 10
- 8 2 100 2
@
s 6

4 3 125 6

2

0 4 150 14

50 75 100 125 150 175 200

Temperature (°C) 5 175 13

Figure 25: temperature optimization.

Once the temperature was optimized, the ratio between porphyrin and TBACI was fine-
tuned by keeping the ammonium salt concentration at 0.05 mol% and increasing the
concentration of 3 each time. Five different reactions were run at 125 °C and 1.2 MPa of

carbon dioxide for 1.5 h in order to magnify the effect of the porphyrin concentration on
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the reaction productivity. As reported in figure 26, the yield increased by increasing the

porphyrin concentration up to the 1:1 TPPH,/TBACI ratio.

14 Entry | 3 (mol%) Yield (%)
12
1 0 2
10
£ 3 2 0.01 6
-
v 6
s 3 0.02 6
4
5 4 0.03 10
0 5 0.04 11
0 0,01 0,02 0,03 0,04 0,05 0,06
[31mol% 6 0.05 12

Figure 26: Influence of the amount of 3 on the yield of styrene carbonate.

Finally, the dependence of the reaction productivity on the carbon dioxide pressure was
studied performing five reactions at different pressures by fixing the other parameters as

150 °C, 1.0 h, catalyst/co-catalyst/ratio = 1:1:2000.

25 Entry | p CO, (MPa) Yield (%)
20 /./'\. 1 0.2 16
KRi1s
k) 2 0.3 18
2 10
>
5 3 0.6 20
0 4 0.9 19
0 0,2 0,4 0,6 0,8 1 1,2 1,4
p CO, (MPa) 5 1.2 18

Figure 27: pressure optimization.

The reduced yields reported for high pressure values (0.9 and 1.2 MPa) could be attributed
to the decrease of epoxide concentration in the liquid phase.” Since the reaction takes
place in this phase, the enhance of the carbon dioxide pressure produced a rise of the gas
concentration in the liquid phase with a contemporary decrease of the substrate
concentration.

The best reaction conditions identified above were used to study the reactivity of different
ammonium salts in order to understand the influence of the halide anion on the reaction

productivity.
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Table 7: influence of TBAX on the cycloaddition reaction of carbon dioxide to SO.

0 Ph
0 4
CO, o o) 3= ph Ph
3/TBAX
Ph

Entry Porphyrin TBAX Yield (%) TOF (h)
1 / / 0 /
2 3 / 0 /
3 / TBACI 11 228
4 3 TBACI 20 416
5 3 TBAB 14 291
6 3 TBAI 9 187

Solvent-free reactions were run for 1.0 h in a steel autoclave by using 0.250 mL of SO, at 150 °C, 0.6
MPa of CO, and TPPH,/TBAX/SO = 5:5:10000. Yields were measured by *H NMR using mesitylene as

the internal standard.

Then, using the optimized condition and the catalytic TPPH,/TBACI system, the reaction
scope was investigated by testing different epoxides with carbon dioxide.

Six of these reactions were performed using both 0.250 mL or 5.0 ml of substrate in order
to verify if it is possible to use this methodology in a large scale for further process
developments.

Even if the yields reported in chart 3 are quite low, the turnover numbers (TON) and
turnover frequencies (TOF) values were very high for a full organic catalyst, which allow
working in a metal-free conditions. The studied catalytic system was active in the
conversion of terminal and mono substituted epoxides. As expected, epichlorohydrin,
among the employed oxiranes, was very efficiently converted confirming its high reactivity
towards CO;. Compounds 60 and 61 were obtained in similar yields while the production
of compounds 63 and 64 was less efficient (chart 3). These results underlined that steric
factor did not strongly influence the conversion of terminal epoxides into the
corresponding cyclic carbonate and epoxides bearing alkylic chain with different length

gave similar results. On the other hand, electron-poor epoxides were better converted into
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corresponding cyclic carbonates because they are more susceptible to the nucleophilic

attack of the anion.

Chart 3: synthesis of cyclic carbonates catalyzed by the system 3/TBACI.

Ph

J: 0+ CO, 3/TBACI )\/O
R R Ph
o)
0] o)
oA 61 oA 62 oA
o Y. Py
0 cl
Yield% 36 (34) Yield% 39 (34) Yield% 64 (50)
TON 720 (707) TON 774 (728) TON 1280 (998)
TOF h' 360(354)  TOFh-' 387(364)  TOF h™' 640 (499)
0 0 o)
64 65
63 O//<O OJ<O OJ<O
\/‘\/ y\/
Yield% 16 (15) Yield% 12 (14) Yield% 5
TON  331(312) TON 287(334) TON 40
TOF h™' 166 (156)  TOF h™' 144 (168) TOF h™' 20
JZ) JZ)
67
66 O\ 9"
Yield% 4 Yield% 5 (4)
TON 82 TON 102 (83)
TOF h! 41

TOF h' 51 (42)

Solvent-free reactions were run for 2.0 h by using 0.250 mL of epoxide at 150 °C, 0.6 MPa and

TPPH/TBACI/epoxide = 5:5:10000 in a steel autoclave. Values in parentheses are obtained with 5.0

mL of epoxide. Yields determined by *H NMR using mesitylene as the internal standard.

The presence of quaternary carbon on the epoxide ring provoked a drastic decrease of the

performances as stated by the synthesis of product 65 that was obtained in 5% of yield

only. Bicyclic epoxides were almost unreactive in the presence of this catalytic system and
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compounds 66 and 67 were formed in very low yields probably also because this last class
of substrates is more prone to form polycarbonates than cyclic carbonates.

In conclusion, we can state that the catalytic system 3/TBACI demonstrated good activity
in the cycloaddition reaction of carbon dioxide to epoxides even at low catalytic loadings
and especially terminal epoxides were successfully converted into corresponding cyclic

carbonates.
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10. Conclusions

In the previous chapter a new metal-free catalytic system active in the carbon dioxide
cycloaddition to three membered heterocycles was presented. The organic nature of the
two components, meso-tetraphenyl porphyrin and tetrabutyl ammonium chloride,
improves the sustainability of the reaction avoiding the presence of any metal in the
reaction medium. Additionally, carbon dioxide is a benign reactant and an important waste
to convert to a new use. In addition, the porphyrin utilized is not toxic, it is cheap, stable,
and also very active. All these features make the reported synthesis of oxazolidinones and
cyclic carbonates a green process worth of study.

After the initial optimization of the reaction conditions and the test of the activity of
different porphyrins and salts, the best identified combination was employed to promote
the reaction of three different classes of substrates. The reaction of epoxides with CO, was
run under solvent-free conditions, the catalytic system was active at low catalytic loadings
and very good TON and TOF values were obtained. Among the substrates tested in the
reaction, terminal epoxides were the most active.

The reaction between N-alkyl aziridines and carbon dioxide gave interesting results since
the catalytic system displayed a good activity by promoting the CO, cycloaddition to
different substrates. In this case the steric hindrance on the nitrogen atom was the factor
that effected the most the catalytic performances. The more the substituent on the
nitrogen atom was bulky, the lower was the yield obtained. With this class of substrates, a
chiral porphyrin and a bifunctional catalyst were also tested, unfortunately with
unsatisfactory results in both cases. Either a racemic product was obtained and the use of
a porphyrin bearing the ammonium salt moiety worsened the catalytic productivity.

The most interesting goal achieved by using the TPPH,/TBACI catalytic system was the
successful conversion of 19 different N-aryl aziridines with yields up to 99% and
regioisomeric ratio up to 99:1. This result represents the first general methodology to
convert this class of heterocycles to the corresponding oxazolidinones.

The performed study allowed understanding the influence of the different experimental

conditions on the reaction productivity. Then, a tandem protocol of the synthesis of
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oxazolidinones from alkenes, aryl azides and carbon dioxide was tested. In this reaction the
aziridine was formed in situ and converted into corresponding oxazolidinone without being
purified. In addition, neither the catalyst Ru(TPP)CO nor eventual unreacted starting
materials affected the carbon dioxide cycloaddition. Exploiting this methodology
3-(3-methoxyphenyl)-5-(4-fluorophenyl)oxazolidin-2-one was prepared, this oxazolidinone
is a potent D5D-inhibitor used for its anti-inflammatory properties.

In collaboration with Dr. Gabriele Manca, a reaction mechanism was proposed underlining
the role of the porphyrin in the catalytic system. TPPH; activates the ammonium salt
through the formation of an adduct which improves the activity of the chloride anion in the
ring-opening reaction. The DFT calculations highlighted that the studied system halved the
free energy barrier of the reaction with respect to the uncatalyzed one.

On the basis of these results, we performed the heterogenization of the porphyrin to

improve the sustainability of the reaction, as described in the following section.
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Chapter llI:
Heterogeneous catalysts
for the CO, cycloaddition

reaction
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1. SBA-15 supported porphyrin

After the good results obtained with the homogeneous catalytic TPPH,/TBACI system, the
heterogenization of the homogeneous catalyst was undertaken to improve the reaction
sustainability by combining the advantages of homogeneous and heterogeneous catalytic
processes. The activity of the homogenous catalyst was preserved, and, at the same time,
an easy catalyst recovery and product purification were possible. Once again, the reaction
between N-aryl aziridines and carbon dioxide was not studied, then the good activity
demonstrated by the catalytic system proposed in the previous chapter paved the way to
a possible application in heterogeneous conditions.

The design of the new hybrid organic-inorganic catalyst was performed by considering the
textural and structural properties of the host matrix, which must display pores large
enough to accommodate the bulky porphyrin molecule. Santa Barbara amorphous
materials (SBA) are ideal for this purpose due to the possibility to prepare mesoporous
silicas with large surface areas and pore sizes tunable in the range from 2 to 50 nm 25206274
SBA silicas are often functionalized by grafting methods with a plethora of different
functional groups. Moreover, as mentioned in the introduction, silica-based materials may
improve the reactivity of epoxides towards CO; by a hydrogen bond activation, thanks to
the presence of hydroxy groups on its surface.??’-2%

Starting from the studies of Dufaud’s group, only the porphyrin was linked to the silica
matrix and the ammonium salt was solubilized in the reaction medium because it is well
known that its activity decreased when linked onto the surface. The chloride anion interacts
with silanols through hydrogen bonding which decrease its nucleofilicity.?”® On the
contrary, linking a compound that enhances the reactivity of the halide anion towards the
ring opening reaction gave good results.??’

Starting from these considerations, we decided to support 3 onto SBA-15 silica by covalent
bonding instead of applying non-covalent approaches such as entrapment, ion pair
formation or adsorption. Indeed, it was possible to obtain a tight support of the porphyrin

onto the material thanks to a covalent bond, which is more solid in comparison to other

interactions and guarantees a high stability of the material obtained. The pathway selected
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was a two steps procedure that included a final alkyne-azide cycloaddition between an
azide-functionalized SBA-15 silica and an ethynyl-functionalized porphyrin. Thus, it was

necessary to initially prepare these two compounds as follows.

SN .

\/O\ 2 \'O‘ o H,O/HCI S
Pluronic P-123 + O/SI—O\_, O,SI’\_,_\ i (\)\:Si/\/\Ng
> ) e Ns L es

Scheme 29: preparation of compound 68.

The first step consisted in the preparation of the azidopropyl-functionalized SBA-15
(Ns@SBA-15) material 68 by a direct co-condensation of 3-azidopropyltriethoxysilane 69,
and tetraethoxysilane (TEOS), as reported in scheme 29. During the preparation of
compound 68 pluronic P-123 was used as a templating polymer in acidic aqueous solution.
Pluronic P-123 is a linear symmetric copolymer formed by three blocks in alternated
fashion PEO-PPO-PEO (PEO = polyethylene oxide, PPO = polypropylene oxide).

This one-pot route for the introduction of azido groups was chosen over the post-grafting
method in order to guarantee a better homogeneous distribution of the functional groups.
In this way, a high local concentration of silanols can be maintained and they may be
exploited for the activation of epoxides. For the same reason 0.2 mmol/g was selected as
azide loading as it corresponds to site isolation. The obtained material was fully
characterized, and the obtained data will be reported later for the confrontation with the
final heterogeneous catalyst.

Then, (5-(4-(3-methyl-3-hydroxybut-1-yn-1yl)phenyl)-10,15,20-triphenylporphyrin) was
prepared through a classic Adler-Longo’s procedure by refluxing the two aldehydes and
pyrrole in propionic acid. Then, the ethynyl moiety was readily deprotected by refluxing
the porphyrin with KOH in toluene, following the retro-Favorskij procedure®”> and
obtaining (5-(4-ethynylphenyl)-10,15,20-triphenylporphyrin) (EtTPPH,). Finally, the so-
obtained porphyrin was reacted with Zn(OAc);:2H,0 in a 65:35 mixture of chloroform and
methanol and the desired metal complex

Zn(5-(4-ethynylphenyl)-10,15,20-triphenylporphyrin) 70 was obtained (scheme 30).
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CHO
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Scheme 30: synthetic procedure for the preparation of complex 70.

The complexation of porphyrin with zinc was necessary to proceed with the next
alkyne-azide cycloaddition and avoid that the copper catalyst, utilized to promote the “click
reaction”, can interact with a free-base porphyrin forming Cu-complexes. After the
isolation of the desired product, the treatment with a slightly acidic water solution was
sufficient to remove the zinc atom from the tetrapyrrolic core and restore the free-base
porphyrin.

Then, the last step for the synthesis of the heterogeneous catalyst was the “click reaction”.
As reported in scheme 31, we followed the classic protocol exploiting the reactivity of
copper iodide and triethylamine to synthesize ZnTPPH,@SBA-15. After the reaction, N,N-
diethyldithiocarbamate sodium trihydrate was used to remove the copper catalyst and the
excess of porphyrin was recovered. Then, washing the obtained material with slight acidic
water and then with water until the neutrality, compound 71 (TPPH,@SBA-15) was

isolated.
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Scheme 31: Synthesis of material 71.

UV-Vis analyses were performed to verify the success of the procedure to remove zinc, and
the collected spectra are reported in figure 28. Not only the performed analyses indicated
that the porphyrin was successfully loaded onto the SBA-15 silica, but also that the zinc
removal was effective. Indeed, comparing the spectrum on the left with that one in the
center of figure 28, the presence of the same absorption bands was evident. In both spectra

the Soret band at 417 nm at the four Q-bands between 500 and 600 nm were visible.

EtTPPH, 7 70

55 350 450 550 650 350 400 450 500 S50 600 650
Wavelenght (nm) Wavelenght (nm) Wavelenght (nm)

Figure 28: Liquid (left) and solid (center) UV-Vis spectra of EtTPPH, and 71, respectively. On the

right liquid UV-Vis spectrum of compound 70 for comparison.

Moreover, the presence of four Q-bands was characteristic of free-base. The slight shift of
the Soret band, observed passing from the liquid spectrum of EtTPPH; (417 nm) to the solid
one of compounds 71 (424-nm), could be due to the silica local environment as well as the

transformation of the simple alkyne, in the meso position of the porphyrin, into the triazole
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group linked to the silica surface.?’® In addition, the presence of four Q-bands and not just
two, as in the spectrum of metalated compound 70, confirmed the efficiency of the acidic
treatment for the complete Zn removal after the “click” procedure.

Both the hybrid material 68 and 71 were fully characterized with different bulk and
molecular techniques not only to investigate textural and structural properties, but also to
verify the integrity of the precursor structure.

The diffractograms obtained by small angle powder XRD of both the hybrid materials are
reported in figure 29 where the typical profile characteristic of hexagonal mesophases is

evident for both solid.
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Figure 29: X-ray powder diffraction patterns of 68 and 71.

The presence of the three peaks that correspond to (100), (110) and (200) reflections are
well resolved and the unit-cell parameter ap did not change to indicate that the porphyrin
loading did not worsen the structural long-range ordering of the solid. The decrease of digo
intensity after the porphyrin linking was evident and it can be caused by a reduction of the
local order introduced by the presence of the porphyrin and/or to a contrast matching
between the amorphous silicate framework and the bulky porphyrin that is present in its
channels.

In table 8 other collected data from small angle powder XRD and nitrogen sorption

measurements are summarized.
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Table 2: XRD and nitrogen sorption derived data.

N3 @SBA-15 TPPH,@SBA-15
Surface Area 559 m?/g 479 m?/g
Pore Volume?® 0.76 cm3/g 0.61 cm3/g
BET Surface Area 581 cm?/g 494 cm3/g
C 95 131
Average Pore Diameter® | 5.5 nm 5.6 nm
d10o° 99 A 99 A
ao* 114 A 114 A
Wall Thickness® 59 A 58 A

a) Total pore volume at P/PO = 0.973. b) Pore size from desorption branch applying the BJH pore
analysis. ¢) d(100) spacing. d) ap = 2d(100)/V3, hexagonal lattice parameter calculated from XRD. e)

Calculated by ap — pore size.

The nitrogen sorption/desorption isotherms showed a sharp inflexion in the pressure range
between 0.5 and 0.8 P/Py for both solids even if a noticeable lowering of the nitrogen

uptake was observable for material 71 (figure 30).
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Figure 30: Nitrogen adsorption/desorption isotherms (left) and pore size distributions (right) 68 and

71.

It is possible to ascribe this decrease to the presence of the porphyrin inside the pore

channels and this is consistent with the decrease of BET surface area reported in table 11.
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For both the prepared materials a fairly narrow pore diameter distribution was detected
with an average of 5.5 nm. Another confirmation of the porphyrin loading was the
enhanced hydrophobic character of the material, testified by the increase of the C value.

Then, the formation of a covalent bond between the porphyrin and the azide functionality
was confirmed by IR analyses (figure 31) performed on both the prepared materials. The
intensity of the characteristic peak of the azide moiety (2290 cm™) decreased after the
“click” reaction due to the reduction of azide moieties concentration for the formation of

the triazole linker.

2,5 0,7

2,0

Absorbance
o -
w

15

Absorbance

-0,12000 2200 2400 2600
Wavenumbers (cm?)

0,0
1400 1900 2400 2900 3400 3900
Wavenumbers (cm?)

Figure 31: FT-IR spectra of 68 and 71.

13C CP/MAS NMR spectroscopy revealed the presence of peaks originating from the propyl
chain in the 5-50 ppm range and those of the porphyrin in the aromatic region (figure 32).
The NMR spectroscopic analysis of compound 71 revealed many signals in the region
between 100 and 160 ppm and the pattern ascribed to the propyl group appeared different
because of the environment variations due to the post-synthetic modifications. It should
be noted that signals attributed to the templating polymer P-123 were still present in both
spectra due to the washing procedure applied to material 68. In order to completely
remove the polymer from the compound it would be necessary to perform a Soxhlet
extraction with ethanol. However, this procedure would produce ethoxy moieties from the

silanols and the potential of silica in activating epoxide would be reduced. Thus, a milder
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Soxhlet extraction with acetonitrile was applied, which cannot completely remove the

P-123 from the silica channel as indicated by a decrease of P-123 NMR signals (figure 32).
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Figure 32: 13C CP/MAS NMR 68 and 71 hybrid materials. * Signals for residual Pluronic P-123.

It is to be noted that in both the spectra signals attributable to Q2, Q* and Q* silicon sites of
the silica frameworks from -90 to 110 ppm were visible (figure 33) to suggest that the “click

reaction” did not affect the previous formed bonds and the porphyrin introduction has not
produced significant changes in the material.
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Figure 33: CP MAS ?°Si NMR of 68 and 71.

103



Chapter lll: Heterogeneous catalysts for the CO, cycloaddition reaction

Finally, the organic loading was determined by nitrogen elemental analysis, corrected from
sample humidity that was derived from the SiO, content calculation by TGA analyses run
at 1000 °C. The azidopropyl loading of 68 was calculated as 0.24 mmol/g of dry silica, while
that one of 71 was 0.11 mmol/g of dry silica. This data indicated that the “click reaction”
occurred in a 46% vyield, which is an acceptable result for the preparation of an
heterogenous material considering that the yield could be partially affected by the

presence of P-123 in the SBA-15 pores.
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2. Carbon dioxide cycloaddition to epoxides

The so-prepared heterogeneous catalyst 71 was tested in the carbon dioxide cycloaddition

to styrene oxide in order to evaluate the catalytic efficiency of the porphyrin immobilized

on the solid surface.

Table 9: study of the activity of the heterogenous catalyst.

o 0
co, OJ<O
Entry SBA-15 TBAX Yield (%) TON TOF (h?)
material

1 71 TBACI 6 118 59
2 71 TBAI 42 (28)° 832 (555)° 416 (555)°
3 68 TBAI 34 (15)" 674 (297)° 337 (297)°
4 68 +3 TBAI 23 446 228
5 / TBAI 15 (5)® 297 (99)" 148 (99)°
6 68 / / / /

Reaction carried out in a steel autoclave in solvent-free condition for 2.0 h, at 150 °C, and 0.6 MPa
of carbon dioxide with a catalyst/TBAX/SO ratio = 1:1:2000. Yields calculated by *H NMR using

mesitylene as the internal standard. b) Reaction run for 1 h.

As reported in entry 1 of table 9, the reaction conditions applied for the catalytic system
3/TBACI did not work well under heterogeneous conditions. The low yield detected by
using TBACI as the co-catalyst can be due to the interaction between the ammonium salt
and the silica material, silanols can reduce the chloride anion nucleophilicity through the
formation of hydrogen bonds and the catalytic efficiency of the system drastically
dropped.?® Thus, TBAI was chosen as the partner of hybrid material 71 because the iodide
anion is less prone to interact with silanols present on the surface of the solid support and
the lack of formation of hydrogen bonds was responsible for a better reactivity (table 9,

entry 2) with respect to that observed when TBACI was employed. This result indicated that
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when silica-based material are utilized, TBAI is more active than TBACI that is more
effective under homogenous conditions, as reported in chapter I1.9.

The 71/TBAI catalytic system was active in promoting the reaction of SO with carbon
dioxide and the corresponding cyclic carbonate was formed in a better yield with respect
to what obtained under homogeneous condition (42% vs 36%). The catalytic role of the
porphyrin was confirmed by running a reaction in the presence of material 68 that, bearing
only azide moieties, was less active than 71 (table 9, entry 3). Then, in order to understand
if it is necessary to covalently link the porphyrin onto the silica support, TPPH; was simply
added to the system 68/TBAIl and even worse result was obtained, underlining the catalytic
activity of the heterogenized material (table 9, entry 4). To confirm the activity of the
71/TBAI system, two other reactions were run by using either 68 or TBAI alone. While the
azide-functionalized material was ineffective in the synthesis of styrene carbonate from SO
and carbon dioxide, TBAI alone was responsible for the formation of the desired product in
low yields to underline the catalytic role of the ammonium salt in the reaction. Finally, in
order to better understand the effect of the porphyrin, three model reactions were run for
only 1 hour in the presence of 71/TBAI system, 68 and TBAI alone. As reported in table 9
(values in parenthesis), acquired data confirmed the good activity of the heterogeneous
catalytic material both in terms of TOF and TON values.

Once the activity of the catalytic system 71/TBAI was confirmed, the reaction scope was
investigated by testing eight different epoxides and using the reaction conditions reported
in chart 4. The general trends discussed in the previous chapter were confirmed also when
the heterogeneous catalyst was used. Terminal epoxides were converted more easily than
internal and disubstituted ones, which did not display any reactivity towards carbon dioxide
under these catalytic conditions. It is reasonable that diffusion constraints play an
important role and the lack of reactivity in the formation of products 65, 66, and 67 was
due to the high steric hindrance of starting epoxide that is not compatible with the free
space around the active site in the heterogeneous material. On the other hand, it is very
interesting noting that the CO; cycloaddition to terminal epoxides was more efficient by
using porphyrin-supported on silica as the promoter. Yields, TON and TOF values were

higher than those obtained under homogenous conditions (see chapter 11.9) to suggest an
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active role of silanols that can activate epoxide via hydrogen bonding, producing a
beneficial effect on the whole reactivity. Note that registered TON and TOF values by using

this material were quite high for a metal-free heterogeneous catalyst.

Chart 4: study of the reaction scope under heterogenous conditions.

CO,
71/TBAI

Fo

R

60

Yield% 42 Yield% 41 Yield% 80

TON 832 TON 814 TON 1600
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Yield% 30 Yield% 26 Yield% /
TON 621 TON 533 TON /
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TOF h! /

Reaction carried out in a steel autoclave in solvent-free condition for 2.0 h, at 150 °C, and 0.6 MPa
of carbon dioxide with a 71/TBAl/epoxide ratio = 1:1:2000. Yields calculated by *H NMR using

mesitylene as the internal standard.
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Considering that an advantage of using a heterogenous catalyst is the possibility to easily
recover it, the recyclability of system 71 was investigated by performing three consecutive
gram-scale cycloaddition reactions of carbon dioxide to styrene oxide. The three
experiments produced styrene carbonate in 30%, 34% and 31% of yield, respectively. Even
if a slight decrease of the yields was detected in all the three performed reactions, these
results testified the recyclability and the chemical stability of the hybrid material. Between
every reaction the only step needed to recover the catalyst was a simple filtration.

Then, a gram-scale reaction was also performed by utilizing 68/TBAI system in order to
verify one more time the effectiveness of the heterogenized catalyst. The obtained lower
yield of 16% confirmed the role of the porphyrin in the carbon dioxide cycloaddition to
epoxides.

After one catalytic cycle, the amount of porphyrin detected in solution by UV-Vis analyses
was only 0.7% to indicate a low porphyrin leaching from the solid support. Considering that
at this low concentration the porphyrin activity is negligible, it is possible to state that the
synthesis of epoxides is only mediated by the heterogenized porphyrin.

Thus, it is possible to conclude that the use of 71/TBAI catalytic system allowed an easy
product purification and catalyst recovery and fostered the reactivity of epoxides towards
carbon dioxide thanks to an active role of the solid support and the establishment of a very

interesting silanols/porphyrin/TBAI synergic catalytic action.
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3. Carbon dioxide cycloaddition to aziridines

In view of the good results obtained reacting epoxides and CO; in the presence of the
heterogeneous 71/TBAI catalyst, this hybrid material was also tested in the cycloaddition
reaction of carbon dioxide to aziridines. First, the reactivity of N-alkyl substrates was
analyzed exploiting as the model the reaction between carbon dioxide and
1-butyl-2-phenyl aziridine. Since aziridines are generally less reactive than epoxides,®’ the
most effective catalytic loading to apply under heterogeneous conditions was identified by
first running six reactions with six different catalyst/co-catalyst/substrate ratio under

homogeneous conditions (table 10).

Table 10: catalyst loading optimization.

0 Ph
):N.nBu +CO, 3/¥al/§0| )O\/N»”Bu . ) N"Bu 3= pn Ph
Ph 42 Ph 43a ‘Efph
Ph
Entry 3 (mol%) TBACI (mol%) Yield (%) 43a/43b
1 1.00 5.00 100 90/10
2 0.67 3.33 100 90/10
3 0.50 2.50 100 90/10
4 0.40 2.00 100 91/9
5 0.20 1.00 72 89/11
6 0.050 0.250 / /

All reactions carried out with 1.5 M aziridine solution in THF in a steel autoclave at 125 °C and

1.2 MPa of CO; for 1 h. Yields obtained by NMR using 2,4-dinitrotoluene as internal standard.

The six performed reactions ranged from the conditions utilized in the aziridine study under
homogeneous conditions (table 10, entry 1) to those applied in the carbon dioxide
cycloaddition to epoxides (table 10, entry 6). The catalytic condition utilized with epoxides
(entry 6) were not effective for the synthesis of oxazolidinones to confirm the minor
reactivity of aziridines with respect that of oxiranes and the reaction was productive when

at least the catalyst and co-catalyst loadings of 0.40 and 2.00 mol%, respectively were used.
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It should be noted that while the sole TBAI can activate aziridines towards the formation
of the five membered products (table 11, entry 4), the reaction did not proceed in the
presence of the sole porphyrin, the hybrid material 71, or the combination 68/3 (entries
1-3, table 11). These results underlined once again the importance of the ammonium salt
in this class of reactions. When TBAI was utilized in combination with 68 a yield
improvement was obtained with respect to the yield of the reaction performed by using
TBAI alone to testify that silica operated synergistically with the ammonium salt also in the
case of aziridines (entry 5, table 11). A further increase of the reaction yield was registered
by substituting the azido-functionalized silica with 71, demonstrating the positive

porphyrin effect in the reaction outcome (table 11, entry 6).

Table 11: study of the heterogeneous reaction.

oA

O

.n y OJ<
):4’\; P4 +co Cgi[:tlals;st )\/N'HBU + \\(N-”Bu
Ph Ph 43a 43b
Ph
Entry Catalyst Co-catalyst Time (h) Yield (%) 43a/43b
1 3 / 1 / /
2 71 / 1 / /
3 68/3 / 1 / /
4 / TBAI 1 9 87/13
5 68 TBAI 1 17 90/10
6 71 TBAI 1 25 99/1
7 3 TBAI 1 42 98/2
8 / TBACI 1 65 86/14
9 71 TBACI 1 20 98/2
10 / TBAI 6 75 92/8
11 71 TBAI 6 95 97/3
12 71 TBACI 6 81 95/5

1.5 M aziridine solution in THF in a steel autoclave with catalyst/co-catalyst/aziridine ratio = 1:5:250

at 125 °Cand 1.2 MPa of CO,. Yields obtained by NMR using 2,4-dinitrotoluene as internal standard.
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It is interesting to note that the use of 71/TBAI was responsible for an improvement of both
the yield and regioselectivity towards the formation of product 43a (see entries 4-6 of table
11). In order to understand the difference between the activity of homogenous and
heterogeneous catalysts, porphyrin 3 was tested in combination with TBAI instead with
TBACI as usually performed under homogeneous conditions. Results of entry 7 (table 11)
confirmed that TBAI was less active than TBACI under homogeneous conditions.
Contrarily to that observed in the reaction involving epoxides, the heterogeneous catalyst
was less active than the homogeneous one in the CO; cycloaddition to N-alkyl aziridines.
This can be due to a limited aziridine activation through hydrogen bonding from the silanols
of the support also due to the higher steric hindrance on the nitrogen atom of the aziridine
that limited the interaction with the surface.

In order to understand if TBACI can be deactivated by interacting with the silica matrix,
TBACI alone and in combination with 71 was used to synthesize product 43 (entries 8 and
9, table 11). Acquired data indicated that the reaction activity of TBACI was reduced in
presence of silica, since the reaction yields felt from 65% to 20% when instead using TBACI
alone, a combination of TBACI with the porphyrin-supported silica was employed (compare
entries 8 and 9 of table 11). However, the presence of porphyrin had a positive effect on
the reaction regioselectivity. As already reported for the cycloaddition to epoxides, also in
the reaction involving aziridines TBAI is the more efficient co-catalyst as revealed by the
analysis of results reported in entries 10-12 of table 11. The catalytic combination 71/TBAI
was selected as the most efficient for the conversion of N-alkyl aziridines to oxazolidinones
and used to study the scope of the reaction. These reaction conditions were tested on ten
different substrates by running experiments first for 6 h, where only the most reactive
substrates gave good results, and then the reaction time was extended to 16 h to improve
the substrate conversion. The gathered data are summarized in table 12.

Prolonging the reaction time, very good results both in terms of yields and regioselectivities
were obtained with almost all the tested substrates. Considering that the steric
encumbrance on the nitrogen atom is the most important factor which determined the
reaction productivity, different aziridines presenting different alkyl chains on the nitrogen

atom were tested (entries 1-4, table 12).
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Table 12: study of the reaction scope under heterogenous conditions.

Entry Aziridine | R Yield (%)? a/b ratio®

1 42 "Butyl 100 (95)° 43a/43b=94/6 (97/3)°
2 72 Butyl 86 (28)° 50a/50b=99/1 (99/1)°
3 73 *Butyl 34 (5)° 74a/74b=99/1 (99/1)°
4 75 ‘Butyl / /

5 76 Cyclopenthyl 97 (34)° 53a/53b=99/1 (99/1)°
6 77 Cyclohexyl 42 (8) 54a/54b=99/1 (99/1)°
7 78 Methylcyclohexyl 95 (30) 79a/79b=99/1 (99/1)°
8 80 Benzyl 100 (42) 55a/55b=99/1 (99/1)°
9 81 4-Methoxy benzyl 100 (48) 56a/56b=99/1 (99/1)°
10 82 ‘Amyl 100 (67)° 43a/43b=93/7 (94/6)°
11° 42 "Butyl 88 43a/43b=93/7

12¢ 42 "Butyl 100 43a/43b=93/7

13¢ 42 "Butyl 100 43a/43b=94/6

14 42 "Butyl 100 43a/43b=94/6

158 42 "Butyl 100 43a/43b=93/7

1.5 M aziridine solution in THF in a steel autoclave with 71/TBAl/aziridine ratio = 1:5:250 at 125 °C
and 1.2 MPa of CO; for 16h. a) Obtained by NMR using 2,4-dinitrotoluene as the internal standard.
b) Reaction run for 6 h. c) Reaction performed under solvent-free condition in a steel autoclave with
71/TBAl/aziridine ratio = 1:5:400 at 125°C and 1.2 MPa of CO,. d) First catalyst recycle. e) Second

catalyst recycle. f) Third catalyst recycle. g) Reaction performed with 1.0 g of substrate.

Experimental results showed that augmenting the bulkiness of the substituent on the
carbon atom directly bonded to the aziridine nitrogen atom, the reaction vyield

proportionally decreased. It is interesting to note that 1-'butyl-2-phenyl 75 aziridine did not
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evolve to the desired oxazolidinone in the presence of the heterogenous catalyst while,
under homogenous conditions, the desired product was isolated in a low yield. These
results underlined the importance of having free space around the catalytic site when
working with SBA-15 silica to allow the reaction to proceed. Thus, it is possible to attribute
the lack of reactivity of aziridine 75 to diffusion constraints as also supported by data
acquired in the reaction involving substrates 78, 80-82. In these cases, a -CH»- atom s
directly bonded to the aziridine nitrogen atom and the presence of this spacer guaranteed
a good reactivity when these substrates were reacted for a sufficient long time (entries
7-10, table 12). However, looking at data gathered after 6 h, it is possible to see that all
these substrates are less reactive than aziridine 42. The comparison between entries 2 and
10 (table 12) suggested that the relocation of the steric encumbrance on one carbon atom
forward may be sufficient to drastically improve the reaction productivity (enhancement
from 28 to 67% yield).

The reaction was also efficient with aziridine bearing cyclic alkyl group on the nitrogen
atom. N-cyclopentyl substituted product was obtained with a much better yield than the
one observed by reacting the N-cyclohexyl substituted one because the flatter character
displayed by the cyclopentyl substituent, in comparison to that of the cyclohexyl one,
allowed a better reactivity. This data was in accordance with the one registered under
homogenous conditions indicating that the different nature of the two exploited catalysts
did not influence the general trend of the aziridine reactivity. Note that the differences in
the reaction performance in the synthesis of compounds 55a/55b and 56a/56b were less
evident that in the case of the reactions performed under homogenous conditions. While
the two compounds were formed with 67% and 90% yield, respectively by using 3/TBACI
system (chart 2) the reaction promoted by 71/TBAI formed the two compounds with 42%
and 48% vyield. Probably, the positive effect of the methoxy group was reduced by the
possible interactions between the methoxy group of the aziridine and the silanols present
on the hybrid material surface.

Itisimportant to underline that all the examined reactions up to now displayed an excellent
selectivity (100%) and a very good regioisomeric ratio, up to 99/1 and never lower than

94/6.
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The reaction between 42 and carbon dioxide was also tested under solvent free condition
and despite the complete conversion of the substrate and the achieved 88% vyield, this
result was affected by a reduction of the selectivity (table 12, entry 11). This result could
also be due to the variation of the reaction conditions because, to efficiently suspend the
catalyst, it was necessary reducing the catalytic loading to 1/5/400. Even if the detected
selectivity was slightly worse than the one obtained by working in THF as the reaction
solvent, this result may be considered a starting point for further optimization of the
protocol for working under solvent-free conditions with a consequent environmental
improvement.

The catalyst recyclability was also tested performing four experiments with the same
hybrid material (entries 1, 12-14, table 12). After every reaction, the SBA-15-based catalyst
was simply filtered, washed with dichloromethane, and dried in the oven. All the reactions
occurred with a complete substrate conversion, full selectivity in the desired product and
the very good regioselectivity showed by the fresh catalyst was preserved as well.

Finally, the carbon dioxide cycloaddition to 42 was performed in a large scale by using
1.00 gram of substrate and with our delight, the reaction occurred with 100% of yield. The
recyclability of the catalyst and its efficiency when working on a large scale testified the
potential application for further process developments as a further scale-up or application
under flow condition.

Pushed by the good results obtained reacting epoxides and N-alkyl aziridines with carbon
dioxide, we tested the heterogenous system 71/TBAl with the more challenging N-aryl
aziridines as well. The cycloaddition of carbon dioxide to compound 2, utilizing the same
reaction conditions employed before with the 71/TBAIl/substrate ratio = 1:5:100, occurred
with a very low selectivity towards the formation of the desired oxazolidinone despite the
complete conversion of the starting aziridine observed. Fortunately, the simple
replacement of TBAI with TBACI resulted in an enhancement of the catalytic efficiency and
a complete conversion of 2 in the desired oxazolidinone was observed.

Thus, in order to better investigate the effect of TBAX in the synthesis of oxazolidinones
catalyzed by 71/TBAX system, compounds 42 and 2 were reacted with carbon dioxide in
the presence of both TBACI and TBAI. As reported in figure 34, even if the reaction of 42
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with carbon dioxide performed well in the presence of both the ammonium salts, TBAI
resulted more efficient than TBACI (figure 34, a) due to the deactivation of the chloride
anion in the presence of silica material with unprotected silanols. On the contrary,
observing the result obtained by reacting N-aryl aziridines with CO; in the reported
conditions, it is possible to observe the decrease of the reaction selectivity when TBAI was
employed. Considering that the halide reactivity is tightly bonded to many factors such as
reaction conditions, substrates, catalyst, and many others,?”’ it is necessary to better study
the mechanism of this reactions to understand the difference in reactivity that was
observed by using either TBAI or TBACI in the CO; cycloaddition to N-aryl aziridines. Up to
now, it is only possible to hypothesize that the minor nucleophilicity of iodide is a more
important factor than its good efficiency as leaving group and it is responsible for the
observed decrease of the reaction performances.
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Figure 34: ammonium salt reactivity in the cycloaddition reaction of carbon dioxide to aziridines
under heterogenous conditions. All the reactions were performed with the following conditions: 1.5
M aziridine solution in THF in a steel autoclave with 71/TBAX/aziridine ratio = 1:5:250 for figure a)
and = 1:5:100 for figure b) at 125 °C and 1.2 MPa of CO,. Yields obtained by NMR by using 2,4-

dinitrotoluene as the internal standard

In view of previous results, to produce oxazolidinones from N-aryl aziridines and carbon
dioxide, it was necessary to utilize TBACI in combination with 71 even if the halide efficiency

is mitigated by the interaction with the silica matrix. Thus, the heterogeneous catalytic
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system 71/TBACI was tested by reacting ten different substrates with carbon dioxide at
125°C and 1.2 MPa for 16 h with a 71/TBACI/aziridine ratio of 1:5:100.

As reported in table 13, the employed catalytic system performed better in the conversion
of aziridines bearing EWGs, in accordance with the data gathered under homogeneous
conditions (see chapter I.4). When the substituent was present only on the Ar moiety,
quantitative yields were obtained (entries 1 and 8, table 13). However, the addition of a
second substituent on the Ar? ring can produce different effects. In particular, if Ar =
3,5-bis-trifluoromethyl phenyl and the other aryl ring bears EDG, a slightly reduction of the
reaction productivity was observed, as showed in entries 2 and 3 of table 13. However,
almost no effects were registered on the reaction regioselectivity. On the contrary, a
bromine atom on the para position of Ar? did not affect the reaction yield but diminished
the regioselectivity (14a/14b = 75:25, entry 4, table 13). The presence of a
pentafluorophenyl ring on carbon atom of the heterocycle reduced the reaction
productivity and compound 16 was formed in the modest yield of 55%. In this latter case
the fluorine atoms modified the electronic features of the C-N bond of the aziridine and
augmented the steric hindrance around the carbon atom where the nucleophilic attack
takes place. Thus, the low yield reported for the production of product 16 may be the result
of the combination of steric and electronic effects. As expected, the regioselectivity
diminished for the presence of the pentafluorophenyl ring due to the negative influence of
EWGs. As already reported for the reaction promoted by the homogenous 3/TBACI catalytic
system, the presence of halogen atoms on the Ar moiety of the aziridine provoked a drop
of the productivity of the reaction catalyzed by the hybrid material 71 (entries 6 and 7,
table 13). The presence of EDG as the sole substituent on the phenyl rings was responsible
for the decrease of the reaction selectivity (entry 9, table 13). The recyclability of the
catalyst and the possibility of performing the reaction in a larger scale were also tested. 1-
(3,5-Bis-trifluoromethylphenyl)-2-phenylaziridine was reacted with carbon dioxide in the
presence of the catalytic system 71/TBACI for four consecutive times, filtering, washing,
and drying the hybrid material before every new reaction cycle. The recycled catalyst
produced the desired compound in very good yields and regioselectivities, as reported in

entries 10-12 of table 13. Since no major differences were detected in comparison to the
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reaction performed with the fresh catalyst (entry 1, table 13), it is possible to state that the

studied hybrid material is reusable up to four times without a lack of reactivity.

Table 13: study of the carbon dioxide cycloaddition to N-aryl aziridines reaction scope.

0] 0]

Ar
N 71 (1 mol %) O)J\N’Ar .
)) +COz ~TBACIEmol%) ~ )/ oY 7=

Ar? Ar? a b Ar

Entry | Ar Ar? Conv. (%)? | Sel. (%)* | Yield (%)* | a/b ratio®

1 3,5-(CF3),CsH3 CeHs 100 100 100 4a/4b=93:7

2 3,5-(CF3),CsH3 4-'BuCeHy 97 100 97 10a/10b=93:7
3 3,5-(CF3):CeHs | 4-MeCeHs | 96 99 95 8a/8b=99:1

4 3,5-(CF3),CsH3 4-BrCeH4 100 100 100 14a/14b=75:25
5 3,5-(CF3),CsH3 CeFs 55 100 55 16a/16b=83:17
6 4-BrCeH4 CeHs 64 98 63 24a/24b=99:1
7 4-ClCeH4 CeHs 66 100 66 26a/26b=98:2
8 4-NO; CeHa CeHs 100 100 100 6a/6b=85:15

9 4-'Bu CgH4 CeHs 100 20 20 18a/18b=99:1
10° 3,5-(CFs)2CsHs | CeHs 100 100 100 4a/4b=92:8
11° 3,5-(CF3),CsH3 CeHs 96 100 96 4a/4b=96:4
124 3,5-(CFs)2CsHs | CeHs 100 100 100 4a/4b=93:7
13¢ 3,5-(CF3),CsH3 CeHs 100 100 100 4a/4h=86:14

1.5 M aziridine solution in THF in a steel autoclave with 71/TBACl/aziridine ratio = 1:5:100 at 125 °C
and 1.2 MPa of CO;for 16 h. a) Obtained by NMR using 2,4-dinitrotoluene as the internal standard.
b) First recycle of the catalyst. c) Second recycle of the catalyst. d) Third recycle of the catalyst. e)

Reaction performed on 1.0 gram of substrate.

Finally, the same reaction was performed on a larger scale by using 1.00 g of substrate and
the desired product was formed in a quantitative yield. Only a minor lowering of the
regioselectivity was detected (entry 13, table 13). This data suggested the possibility to

apply the catalytic system to further process development.
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Thus, the porphyrin-functionalized silica displayed very good activity for the conversion of
EWGs substituted N-aryl aziridines, showing excellent results with different substrates and
in large scale reactions. Moreover, the catalyst 71 is recyclable and easy to recover,
demonstrating a high applicability in the conversion of this class of substrate into the

corresponding oxazolidinones.
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4. Conclusions

In this chapter the synthesis, characterization, and catalytic activity of an SBA-15 supported
porphyrin in the carbon dioxide cycloaddition reaction to three membered heterocycles
were presented. The efficient support of porphyrin on the silica matrix makes it possible to
upgrade the catalytic procedure presented in the previous chapter. The use of a
heterogeneous catalyst improved the reaction sustainability thanks to an easier product
purification, an easier catalyst recovery, and an enhanced recyclability of the material. In
addition, this material may synergize with the other components of the catalytic system,
improving the substrates reactivity towards carbon dioxide.

The hybrid material was prepared by the one-pot synthesis of the azido functionalized silica
to which was linked the porphyrin by alkyne-azide cycloaddition. The silica
functionalization occurred with an efficiency of 46%. Both the unfunctionalized and
porphyrin-functionalized silica were fully characterized by IR, UV-Vis, solid NMR, TGA,
nitrogen absorption, elemental analysis, and XRD in order to determine the efficiency of
the linkage and its extent. Acquired data depicted a successful loading of the porphyrin by
covalent binding and the maintenance of the mesostructuration of the solid during the
material preparation.

The so-obtained hybrid material 71, in combination with ammonium salts, successfully
performed the conversion of three different classes of heterocycles into the desired
products, highlighting the synergistic effect of the matrix with the catalyst for the reaction
productivity. At first, the reaction between epoxides and CO; was studied utilizing TBAI in
the place of TBACI due to the interaction between the silanols and the chloride anion, which
reduces the ammonium salt reactivity. Exploiting the catalytic system 71/TBAI, improved
TON and TOF values were registered for the conversion of different epoxides into the
corresponding cyclic carbonates. These results underlined the positive effect of the silica
matrix on the epoxide activation. Moreover, the recyclability showed and the possibility to
work in a large scale and solvent free conditions put forward the porphyrin-supported

material for further process developments.
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Then, the same system demonstrated a good catalytic efficiency in the conversion of N-
alkyl aziridines to the corresponding oxazolidinones. The same reactivity trends already
observed under homogenous conditions were detected by exploiting material 71 and the
catalytic performances were dependent on steric factors due to diffusion constraints. In
this case, the heterogeneous catalyst showed a reduced activity in comparison with the
homogeneous counterparts because the silanols present on the silica surface did not
activate aziridines to the same extent that was registered in the cycloaddition to epoxides.
However, the reduced reactivity was efficiently overcome by prolonging the reaction time
to 16 h.

Finally, compound 71 in combination with TBACI displayed good activity also in the
conversion of the less reactive N-aryl aziridines. The preparation of ten different
oxazolidinones was accomplished, obtaining similar results to those observed by applying
the catalytic system 3/TBACI under homogeneous conditions.

In addition, the porphyrin functionalized SBA-15 material showed good recyclability and
activity in the conversion of larger quantity of both classes of aziridines studied.

The effectiveness of the heterogeneous catalyst rewarded the efforts spent for the
improvement of the protocol presented in chapter Il, underlining the possibility to develop
an efficient preparation of oxazolidinones and cyclic carbonates from carbon dioxide by
respecting the principles of green chemistry. Moreover, due to the efficiency showed by
the heterogeneous catalyst it was possible to imagine further process developments and

applications.
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1. General and characterization

THF and benzene were distilled over sodium and benzophenone and kept under nitrogen.
Decalin, hexane, and toluene were distilled over sodium and kept under nitrogen. Acetone
were distilled over MgS0O,4 and kept under nitrogen. Styrene, pyrrole, and a-methyl styrene
were distilled over calcium hydride under reduced pressure and kept under nitrogen.
Water was removed from dimethylformamide by azeotropic distillation with benzene (10%
v/v previously distilled over CaH,) and further distillation under reduced pressure; the
so-obtained dry DMF were stored under argon over molecular sieves. All the other starting
materials were commercial products used as received. NMR spectra were recorded at room
temperature either on a Bruker Avance 300-DRX, operating at 300 MHz for *H, at 75 MHz
for 13C and at 282 MHz for *°F or on a Bruker Avance 400-DRX spectrometers, operating at
400 MHz for 'H and at 100 MHz for 3C and at 376 MHz for *°F. Chemical shifts (ppm) are
reported relative to TMS. The *H NMR signals of the compounds described in the following
were attributed by 2D NMR techniques. Assighments of the resonances in *C NMR were
made by using the APT pulse sequence, HSQC, and HMBC techniques. Solid state CP-MAS
experiments were performed on a Bruker Avance Il 300 spectrometer using a 4 mm double
resonance Bruker MAS probe at spectral frequencies of 75.5 MHz and 59.6 MHz for
respectively 3C and 2°Si. Chemical shifts were referenced to TMS or external 85% HsPO,.
The spinning rate was 5 kHz (*°Si) or 10 kHz (**C) and samples were spun at the magic angle
(MAS) using ZrO; rotors. The experimental details for the NMR experiments were as
follows: contact time 2 ms, repetition time 2 s, number of scans from 3000 to 25000
depending on the loading and the nature of the sample. Infrared spectra were recorded on
a Varian Scimitar FTS 1000 or a JASCO FT/IR-4200 (JASCO) spectrometer in the absorbance
mode. UV/Vis spectra were recorded on an Agilent 8453E instrument or on a Perkin Elmer
Lambda 1050 spectrometer. Solid UV/Visible spectra were acquired using a PerkinElmer
Lambda 1050 UV/VIS/NIR spectrometer equipped with a Praying Mantis equipment
(HarrickTM) for solid analysis. Nitrogen adsorption-desorption isotherms at 77 K were
measured using a Micromeritics ASAP 2020M physisorption analyzer. The samples were

evacuated at 10° Torr and 150 °C during 15 h before the measurements. Specific surface
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areas were calculated by following the BET procedure. Pore size distribution was obtained
by using the BJH pore analysis applied to the desorption branch of the nitrogen
adsorption-desorption isotherm. A Netzsch thermoanalyser STA 409 PC was used for
simultaneous thermal analysis combining thermogravimetric (TGA) and differential
thermoanalysis (DTA) at a heating rate of 5 °C min in air from 25-900 °C. Small-angle X-ray
powder diffraction (XRD) data were acquired on a Bruker D5005 diffractometer using Cu
Ko monochromatic radiation (A = 1.5418 A). C, N elemental analyses determinations were
performed by ICP-AES (Activa Jobin Yvon) spectroscopy from a solution obtained by
treatment of the hybrid materials with a mixture of HF, HNOs and H,SO, in a teflon reactor
at 150°C. Elemental analyses and mass spectra were recorded in the analytical laboratories

of Milan University.
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2. Synthesis of the Catalysts

2.1 Synthesis of Ru(TPP)CO (40)
Ph

Ru3(CO)42
Ph Ph Decaline

Ph

Reaction under nitrogen atmosphere. The metal precursor Rus(CO)1; (0.626 g,

9.80 x 10"t mol) and the ligand meso-tetraphenylporphyrin (1.23 g, 2.00 x 10 mol) were
dissolved in dry decalin (60 mL). Then, the reaction mixture was refluxed for 7 h until to the
complete consumption of TPPH, which was observed by TLC (SiO,, hexane/CH,Cl, = 80:20).
The solvent was removed to dryness under vacuum and the crude was purified by flash
chromatography (silica gel, 60 um, gradient from hexane/CH,Cl, 7:3 to CH,Cl,). The product
fraction was evaporated to dryness under vacuum and dried at 100 °C. The product was
obtained as a reddish crystalline solid (yield: 73%). The collected analytical data are in
accordance with those reported in literature.?’®

'H NMR (300 MHz, CDCls): & 8.68 (s, 8H, Hgpyrr), 8.22 (m, 4H, Hpn), 8.11 (m, 4H, Hpp), and
7.75-7.72 ppm (m, 12H, Hep).
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2.2 Synthesis of Ru(TPP)NAr; (Ar = 3,5-(CF3).C¢Hs) (1)

Benzene
Fs3

CF3

FsC

Reaction under nitrogen atmosphere. Ru(TPP)CO (0.150 g, 2.02 x 10* mol) and
3,5-bis(trifluoromethyl)phenyl azide (0.154 g, 6.06 x 103 mol) was suspended in dry
benzene (30 mL). The resulting dark mixture was refluxed for 3 h observing the complete
consumption of the starting ruthenium complex by TLC (Al,0s, hexane/CHyCl; 1:1). The
volume was reduced to about 5 mL and dry hexane (20 mL) was added to precipitate the
desired product. A crystalline violet solid was collected by filtration and dried under
vacuum (yield: 70%). The collected analytical data are in accordance with those reported
in literature.?”?

'H NMR (300 MHz, CDCl3): 6 8.87 (s, 8H, Hppyr), 8.08 (d, 8H, J = 6.9 Hz, Har), 7.83 - 7.76 (m,
12H, Har), 6.60 (s, 2H, Har), and 2.66 ppm (s, 4H, Ha).

2.3 Synthesis of meso-tetraphenylporphyrin TPPH; (3)

QL

CHO

H
N
U . 1) BF3-OEty, N,
2)TCQ

o -0
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Dry pyrrole (0.54 g, 8.05 x 10 mol) and benzaldehyde (0.84 g, 7.92 x 103 mol) were
dissolved in dry CH,Cl; (250 mL) under nitrogen atmosphere. The mixture was protected
from light, then, BFs-OEt, (0.34 g, 2.43 x 103 mol) and tetrachloro-1,4-quinone (TCQ)
(1.54 g, 6.23 x 10 mol) were added under nitrogen atmosphere. The solution was stirred
for 2 minutes at 100 °C, then stirred for 45 minutes under nitrogen atmosphere. Finally,
the reaction mixture was stirred for 45 minutes in air. The solvent was removed under
vacuum to dryness and the crude was purified by silica filtration and successively, by flash
chromatography (silica gel, 60 um, gradient from hexane/CH,Cl, 9:1 to hexane/CH,Cl, 7:3).
The product fraction was evaporated to dryness under vacuum at 100°C. The product was
obtained as a purple crystalline solid (yield: 20%). The collected analytical data are in
accordance with those reported in literature.'*

'H NMR (400 MHz, CDCls, 298 K): & 8.85 (s, 8H, Hgpyr), 8.22 (d, J = 6.5 Hz, 8H, Hen), 7.80 -
7.40 (m, 12H, Hpn), and -2.76 ppm (s, 2H, NH).

2.4 Synthesis of meso-tetrakis(4-tert-butylphenyl) porphyrin 4-'‘BuTPPH (44)

'Bu Bu

O

CHO

Propionic
Acid

Z\ ZT
+

(o = U

Bu ‘Bu
4-'Butyl benzaldehyde (3.20 g, 1.97 x 10 mol) and dry pyrrole (1.34 g, 2.00 x 102 mol) were
added dropwise in 15 minutes to boiling propionic acid (50 mL). The dark mixture was
refluxed for 1 h and then stirred at RT for 24 h. The precipitate was collected in a filter, then
washed several times with water and one time with cold methanol. The powder was dried

under vacuum at 100 °C. The desired product was obtained as a purple crystalline solid
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(yield: 21%). The collected analytical data are in accordance with those reported in
literature.?°

'H NMR (400 MHz, CDCl3): & 8.88 (s, 8H, Hgpyrr), 8.17 (d, J = 7.5 Hz, 8H, Ha), 7.78 (d, J =
7.5 Hz, 8H, Har), 1.62 (s, 36H, Hssy), and -2.74 ppm (s, 2H, NH).

2.5 Synthesis of meso-tetrakis(4-trifluoromethylphenyl) porphyrin 4-CF3;-TPPH;
(45)
F3C CF3

o N S

Propionic
Acid

Z\ ZT
+

CF3

() = 4

FsC CF;

4-Trifluoromethyl benzaldehyde (3.43 g, 1.97 x 102 mol) and dry pyrrole (1.34 g,
2.00 x 10 mol) were added dropwise in 15 minutes to boiling propionic acid (50 mL). The
dark mixture was refluxed for 30 min and then cooled to RT. The precipitate was collected
in a filter, then washed several times with water and one time with cold methanol. The
powder obtained was dried under vacuum at 100 °C. The desired product was obtained as
a purple crystalline solid (yield: 18%). The collected analytical data are in accordance with
those reported in literature.?®!

'H NMR (300 MHz, CDCls): 6 8.82 (s, 8H, Hgpyrr), 8.34 (d, /= 8.1 Hz, 8H, Har), 8.05 (d, J = 8.1 Hz,
8H, Har), and -2.95 ppm (s, 2H, NH).
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2.6 Synthesis of meso-tetrakis(4-carboxylphenyl) porphyrin 4-COOH-TPPH, (46)

HOOC COOH
9 )
H
N
| Propionic
gt ~— Acd
COOH

o = U

HOOC COOH
4-Carboxy benzaldehyde (2.96 g, 1.97 x 10 mol) and dry pyrrole (1.34 g, 2.00 x 10 mol)
were added dropwise in 15 minutes to boiling propionic acid (50 mL). The dark mixture was
refluxed for 45 min and then cooled to RT. The precipitate was collected in a filter and
washed several times with water and one time with cold methanol. The powder obtained
was dried under vacuum at 100 °C. The desired product was obtained as a dark blue
crystalline solid (yield: 21%). The collected analytical data are in accordance with those
reported in literature.?®
'H NMR (300 MHz, DMSO-d®): § 13.37 (4H, s, COOH) 8.77 (s, 8H, Hgpyrr), 8.31 (d, J = 8.0 Hz,
8H, Har), 8.23 (d, J = 8.0 Hz, 8H, Ha/), and -2.99 ppm (s, 2H, NH).

2.7 Synthesis of 5-(pentafluorophenyl)-10,15,20-triphenyl porphyrin Fs-TPPH;

(47)

CHO CHO

H
|N Xy  1)BF3OEty, N,
Y/ +| X 2)DDQ
Fs
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Reaction under nitrogen atmosphere. Dry pyrrole (0.36 g, 5.00 x 10 mol), benzaldehyde
(0.36 g, 3.75x 103 mol), and pentafluorobenzaldehyde (0.10 g, 1.25 x 10° mol) were
dissolved in dry CHyCl, (400 mL). The mixture was protected from light, then BF;-OEt;
(0.72 g, 5.00 x 10* mol) was added. The reaction mixture was stirred at RT overnight, then
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) (0.56 mg, 2.51 x 10 mol) was added,
and the reaction mixture was refluxed 12 h in air. Then, the reaction mixture was cooled
down to RT and triethylamine (TEA) (0.076 g, 7.50 x 10" mol) was added. The solvent was
removed under vacuum to dryness and the crude was purified by silica filtration and
successively by flash chromatography (silica gel, 60 um, starting from hexane to
hexane/CH,Cl, 8:2). The product fraction was evaporated to dryness and under vacuum at
100 °C. The product was obtained as a purple solid (yield: 21%). The collected analytical
data are in accordance with those reported in literature.?®

'H NMR (300 MHz, CDCls): 6 9.01 (d, J = 4.8 Hz, 2H, Hgpyrr), 8.92 (s, 4H, Hgpyrr), 8.85 (d,
J=4.6 Hz, 2H, Hgpyrr), 8.27 (M, 6H, Har), 7.80 - 7.75 (m, 9H, Ha:), and -2.66 ppm (s, 2H, NH).

2.8 Synthesis of meso-tetrakis(pentafluorophenyl) porphyrin F2-TPPH, (48)

| .\ 1) BF3-OEty, Ny
/ 2) DDQ

Reaction under nitrogen atmosphere. Dry pyrrole (0.54 g, 8.05 x 103 mol) and
pentafluorobenzaldehyde (0.98 g, 5.00 x 10 mol) were dissolved in dry CH,Cl, (250 mL).
The mixture was protected from light, then, BFs-OEt; (0.21 g, 1.50 x 10 mol) was added.
The reaction mixture was refluxed for 4 h, then cooled to RT. DDQ (0.56 mg, 2.51 x 10 mol)

was added, and the reaction was refluxed for 12 h on air. At this point the reaction was
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cooled down to RT and TEA (0.076 g, 7.50 x 5.00 x 10 mol) was added. The solvent was
removed under vacuum to dryness and the crude was purified by silica filtration and
successively by flash chromatography (silica gel, 60 um, gradient from hexane to
hexane/CH,Cl, 9:1). The product fraction was evaporated to dryness and under vacuum at
100 °C. The product was obtained as a purple solid (yield: 12%). The collected analytical
data are in accordance with those reported in literature.?®

'H NMR (400 MHz, CDCl5): 6 8.97 (s, 8H, Hgpyrr) and -2.85 ppm (s, 2H, NH).

2.9 Synthesis of octaethylporphyrin OEPH; (49)

2.9.1 Synthesis of 4-nitro-3-hexhanol
OH

KF/IPA
0P + O,N /\H\/

NO,

Propionaldehyde (17.40 g, 0.30 mol) was dissolved in isopropyl alcohol (IPA) (45 mL). The
solution was stirred and KF (2.50 g, 1.50 x 10?) was added. The reaction mixture was cooled
with anice bath and 1-nitropropane (26.73 g, 0.30 mol) was added dropwise in 30 minutes.
The so-obtained solution was stirred for 30 minutes at 0°C and then brought to RT. After
18 h, KF was filtered, and the volume reduced under reduced pressure. Water (50 mL) was
added, and the obtained mixture was extracted with diethyl ether (3 x 30 mL). The organic
phases were dried over sodium sulphate and the solvent was removed under reduced
pressure. The obtained liquid was distilled and the fraction which boils between 88°C and

90°C was gathered obtaining the desired product (yield: 65%).

2.9.2 Synthesis of 4-acetoxy-3-nitrohexane

OAc
OH H,SO,
/\)\/ + Ac0 /W
N02 N02
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4-Nitro-3-hexanol (33.06 g, 0.22 mol) and sulfuric acid (0.1 mL) were stirred in an ice bath.
The acetic anhydride (24.00 g, 0.23 mol) was added stepwise keeping the temperature
under 60 °C. Then, the reaction mixture was stirred for 1 h. The low boiling components
were distilled under 25 mm Hg, then the desired product was distilled under 10 mm Hg and

107-110 °C (yield: 90%).

2.9.3 Synthesis of 3,4-diethylpyrrole
OAc

/\H\/ + Nc/ﬁrO TI-?I;B/ILIJDA \)/\CCOOEt CHzOH | /
NO, o)

4-acetoxy-3-nitrohexane (10.30 g, 5.4 x 102 mol) and ethyl isocyanoacetate (5.07 g,
4.5 x 10 mol) were dissolved in dry tetrahydrofuran (THF) (32 mL) and IPA (13 mL). DBU
(15.20 g, 0.10 mol) was added keeping the temperature between 20 and 30°C. The so-
obtained orange solution was stirred at RT for 4 h. The solvent was removed to dryness and
the obtained product was diluted in water (30 mL). The aqueous phase was extracted with
diethyl ether (3 x 30 mL) and the organic phases were washed with a 10% w/w solution of
HCl in water (2 x 30 mL). Then, the organic phase was dried over sodium sulphate and the
solvent was removed to dryness under reduced pressure. The so-obtained oil was reacted
with sodium hydroxide (3.00 g, 7.5 x 10> mol) in ethylene glycol (30 mL). The reaction
mixture was refluxed for 1 h under nitrogen atmosphere and then cooled to RT. Water
(50 mL) and hexane (60 mL) were added to the solution, the phases were separated, and
the aqueous phase was extracted with hexane (2 x 60 mL). The organic phases were dried
over magnesium sulphate and the solvent was removed to dryness under reduced

pressure. The product was obtained by distillation (100°C/25 mm Hg) (yield: 40%).
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2.9.4 Synthesis of octaethylporphyrin

H
N pTsOH
| y +CH0 Benzene

3,4-Diethylpyrrole (1.00 g, 8.12 x 102 mol) and formaldehyde in water 37% (0.73 mL,
8.12x 10 mol) were dissolved in dry benzene (300 mL). The reaction mixture was
protected from light and p-toluenesulfonic acid (0.030 g, 1.7 x 10 mol) was added under
nitrogen atmosphere. The reaction mixture was refluxed 8 h, then cooled to room
temperature, and stirred 24 h bubbling oxygen in the solution. The solvent was removed
under reduced pressure and the crude was dissolved in chloroform (20 mL). The so-
obtained solution was washed with a NaOH solution 1 M in water (40 mL) and water
(2 x 40 mL). The solution volume was reduced to 5 mL and the desired product was
crystalized from methanol. The so-obtained solid was purified by double crystallization
from chloroform/n-hexane. The final product was collected in a filter and dried under
vacuum at 100 °C (yield: 66%). The collected analytical data are in accordance with those
reported in literature.?®

'H NMR: (300 MHz, CDCI3) § 10.12 (s, 4 H, Hmeso), 4.12 (9, 16 H, Hciz), 1.95 (t, 24 H, Hews),
and -3.72 ppm (s, 2 H, NH).
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2.10 Synthesis of porphyrin 57

2.10.1 Synthesis of (R)-2-methoxy-2-phenylacetic chloride
OMe

Cl
f g )J\I(CI
Hexane/DMF @)

(R)-2-Methoxy-2-phenylacetic acid (0.50 g, 3.00 x 10 mol) was dissolved in n-hexane
(5 mL) and DMF (23.0 uL). Oxalyl chloride (3.81 g, 3.00 x 102 mol) was added dropwise, and
the reaction was stirred overnight. The solvent was removed under reduced pressure and

the crude was utilized without further purification.

2.10.2 Synthesis of (S)-2-acetoxy-2-phenylacetic acid

oH OAc

OH AcCl - OH
—_—
O (Y

(S)-Mandelic acid (2.15 g, 1.40 x 102 mol) was dissolved in acetyl chloride (AcCl) (2.48 mL).
The reaction mixture was stirred overnight at RT. The AcCl was removed by reduced
pressure and the product was obtained as a yellow oil (yield: 95%). The collected analytical
data are in accordance with those reported in literature.?®

'H NMR (400 MHz, CDCl3): 6 11.45 (br, 1H, Hcoon); 7.50 - 7.40 (m, 5H, Hen), 5.95 (s, 1H, Hew),
and 2.20 ppm (s, 3H, Hcns).

2.10.3 Synthesis of (S)-2-acetoxy-2-phenylaceti chloride

?Ac o QMe

OH :
+ )S(Cl —_— cl
o Cl CH,Cl,/DMF o
0
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(S)-2-Acetoxy-2-phenyl chloride (0.54 g, 2.80 x 10 mol) was dissolved in CH,Cl, (12 mL)
and DMF (70 pL). Oxalyl chloride (0.35 g, 2.80 x 10 mol) was added dropwise, and the
reaction mixture was stirred overnight. The solvent was removed under reduced pressure

and the crude was utilized without further purification.

2.10.4 Synthesis of 5-methoxy-2-nitrobenzaldehyde
0 O

HO y Cs,CO;  MeO H
+Mel -
DMF NO,

NO,
5-Hydroxy-2-nitrobenzaldehyde (25.00 g, 1.5 x 10 mol) and cesium carbonate (48.90 g,
1.5 x 10 mol) were dissolved in DMF (25 mL). The orange solution was cooled to 0 °C and
methyl iodide (Mel) (2.13 g, 1.5 x 10! mol) was added dropwise. The reaction mixture was
stirred for three days at RT, then, water (200 mL) and ethyl acetate (200 mL) were added.
The aqueous phase was washed with ethyl acetate (3 x 100 mL). The organic phases were
washed with water (200 mL) and dried over sodium sulphate. The solvent was removed
under reduced pressure and the product was obtained as a yellow oil. The crude was
washed different times with diethyl ether until a withe solid was obtained (yield: 67%). The
collected analytical data are in accordance with those reported in literature.?®

'H NMR (400 MHz, CDCP): 8 10.49 (s, 1H, Hcno), 8.17 (d, 1H, J = 9.05 Hz, Hn), 7.33 (d, 1H,
%) =2.87 Hz, Ho), 7.15 (dd, 1H, J = 9.06, 2.88 Hz, Hy), and 3.96 ppm (s, 1H, Hocxs).

2.10.5 Synthesis of (R)-2,2’-dimethoxy-1-1’-binaphtalene

KoCOs I l OMe

Acetone

+Mel

(R)-(+)-1-1’-Bi(2-naphthol) (3.01 g, 1.05-10 mol) was suspended in acetone (45 mL) and

the resulting suspension was heated at 50 °C to give a homogeneous solution. Then, Mel
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(3.92 mL, 6.30-10 mol) and potassium carbonate (4.95 g, 3.50-:102 mol) were added to the
mixture. At this point the reaction was refluxed for 12 h. The reaction mixture was
concentrated to 10 mL, the residue was cooled to room temperature, and 50 mL of water
were added. The so-obtained mixture was stirred for 8 h and a white solid precipitated.
The resulting solid was collected in a filter, washed with water several times, and finally
dried under vacuum to afford (R)-2,2’-dimethoxy-1,1’-dinaphthalene as a white powder
(yield: 87%). The collected analytical data are in accordance with those reported in
literature.?®®

'H NMR (300 MHz, DMSO-d6): & 8.06 (d,2H, J = 9.0 Hz, Ha/), 7.94 (d, 2H, J = 8.0 Hz, Ha), 7.60
(d, 2H, J =9.0 Hz, Har), 7.31 (t, 2H, J = 7.3 Hz, Har), 7.21 (t, 2H, J = 7.6 Hz, Ha), 6.89 (d, 2H,
J=8.4 Hz, Har), and 3.70 ppm (s, 6H, Hcus).

2.10.6. Synthesis of (R)-2,2’-dimethoxy-1,1’-binaphthyl-3,3’-diboronic acid

B(OH),
OO 1)BuLi, TMEDA OO
OMe ELO, RT OMe

>

OMe  2)B(OCH(CHs))s OMe
H,0*

B(OH),

Reaction under nitrogen atmosphere. A solution 1.6 M of butyl lithium in n-hexane (3.04
mL, 4.87-10° mol) was added to a solution of tetramethylethylenediamine (TMEDA) (0.75
g, 6.49-10° mol) in diethyl ether (25 mL). The reaction mixture was stirred at room
temperature for 30 minutes. Then, (R)-2,2’-dimethoxy-1,1’-dinaphthalene (0.51 g,
1.62-:10° mol) was added and the reaction mixture was stirred for 3 h. A light brown
suspension was obtained, and it was cooled to -78°C. Triisopropyl borate (1.83 g,
9.73-10° mol) was added dropwise in 10 minutes. The reaction mixture was allowed to get
back to room temperature and the solution was stirred for 12 h. Then, the suspension was
cooled to 0°C and a solution 1 M of HCl in water (15 mL) was added. The resulting solution
was stirred at room temperature for 2 hours. The organic layer was washed with a solution

1 M of HCl in water (15 mL), then it was washed with brine (3 x 30 mL), and finally dried

135



Chapter IV: Experimental Section

over sodium sulphate. The solvent was evaporated to dryness under vacuum and the
product was obtained (yield: 99%). The collected analytical data are in accordance with
those reported in literature.?®®

'H NMR (300 MHz, CDCI3): § 8.62 (s, 2H, Har), 7.99 (d, 2H, J = 8.1Hz, Ha/), 7.44 (t, 2H, /= 7.2
Hz, Har), 7.32 (t, 2H, J = 7.4 Hz, HaJ), 7.16 (d, 2H, J = 8.7 Hz, Ha/), 6.03 (s, 2H, Ha/), and
3.31 ppm (s, 6H, Hcs).

2.10.7. Synthesis of meso-tetra(2-nitrophenyl) porphyrin o-TNPPH;

CHO H
NO, N Acetic Acid
8

2-Nitrobenzaldehyde (10.10 g, 6.72-10 mol) was dissolved in acetic acid (200 mL). Dry

pyrrole (4.42 g mL, 6.59-10 mol) was added to the refluxing solution in about 15 minutes.
Then, the reaction mixture was refluxed for 45 minutes. The so-obtained dark solution was
allowed to cool to 60 °C and chloroform (50 mL) was added. After this addition a dark
precipitate was formed. The solid was collected in a filter, washed with CH,Cl; (200 mL),
and dried in vacuo (yield: 8.2%). The so-obtained product was utilized without further

purification.

2.10.8 Synthesis of o232 meso-tetra(2-aminophenyl) porphyrin o-TAPPH;

SnCly-2H,0

NO,  HCI37%

Meso-tetra(2-nitrophenyl) porphyrin (3.60 g, 4.53:10° mol) was dissolved in a water
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solution of HCl 37% (150 mL) under vigorous magnetic stirring. Then, SnCl,-2H,0 (15.30 g,
6.79-10 mol) was gradually added and the so-obtained green solution was stirred at room
temperature for 2 days. 100 mL of chloroform were added, and the reaction mixture was
stirred for 15 minutes. Then, the solution was cooled with an ice bath and a saturated
solution of KOH was added until getting to a pH = 10. At this point, the organic phase was
separated, and the solid was collected in a filter. The aqueous phase was extracted with
chloroform (5 x 100 mL). The organic phases were dried over sodium sulphate and the
solvent was removed under reduced pressure. A purple solid containing the four
atropoisomers was obtained. The desired of, atropoisomer was isolated by flash
chromatography (silica gel, 15 um gradient from CH,Cl, to CH,Cl,/MeOH 95:5). The
collected analytical data are in accordance with those reported in literature.?®

'H NMR (400 MHz, CDCl3): & 8.92 (s, 8H, Hgpyrr), 7.86 (d, 4H, J = 7.4 Hz, Ha/), 7.26 (t, 4H,
J=7.8 Hz, Ha), 7.18 (t, 4H, J = 7.4 Hz, Ha/), 7.14 (d, 2H, J = 8.1 Hz, HAr), 3.58 (s, 8H, NH,),
and -2.65 ppm (s, 2H, NH).

2.10.9 Synthesis of a»B2-bis{2,2’-[3,3’-(2,2’-dimethoxy-(1,1’-binaphthyl)benzoyl

amido)}phenyl) porphyrin (57)
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azPB2-Tetra{2-[(3-chloromethyl)benzoylamido]phenyl} porphyrin (0.300 g, 2.33-10° mol),
(R)-2,2’-dimethoxy-1,1’-binaphthyl-3,3’-diboronic  acid (0.23 g, 5.60-:10* mol),
tetrakis((triphenyl)phosphine) palladium(0) (0.11 g, 9.34:10° mol), and potassium
carbonate (0.52 g, 3.71-:10° mol) were dissolved in a solution composed by 16 mL of
toluene, 5 mL of ethanol, and 8 mL of water. The reaction mixture was refluxed 4 h until
the complete consumption of the starting porphyrin which was monitored by TLC (SiO,, 1%
MeOH in CH,Cl,). The resulting biphasic solution was cooled to RT. 50 mL of a saturated
aqueous solution of NH4Cl were added. Then, the aqueous phase was extracted with
dichloromethane (3 x 50 mL), and the combined organic phases were washed first with
water (50 mL), then with a saturated aqueous solution of sodium bicarbonate (50 mL). The
organic phase was dried over sodium sulphate, filtered, and the solvent was removed
under reduced pressure. The so-obtained solid was purified by flash chromatography (silica
gel, 15 um, 0.5% MeOH in CH,Cl,) to obtain the desired product (yield: 35 %). The collected
analytical data are in accordance with those reported in literature.?’*

'H NMR (500 MHz, CDCls): 8 9.07 (t, 2H, J = 8 Hz, Har-meso), 9.00 (s, 2H, Hgpyrr), 8.95 (s, 2H,
Hgpyrr), 8.94 (d, 2H, J = 4 Hz, Hpoyrr), 8.90 (t, 2H, J = 8 Hz, Har-meso), 8.88 (d, 2H, J = 4 Hz, Hppyrr),
7.98 (dd, 2H, J = 8.0, 1.0 Hz, Har-meso), 7.89 (dt, 2H, J = 8.0, 1.0 Hz Harmeso), 7.86 (dt, 2H,
J=8.0, 1.0 Hz, Har-meso), 7.85 (s, 2H, Hnkco), 7.83 (dd, 2H, J = 8.0, 1.0 Hz, Har-meso), 7.70 (d, 4H,
J = 8.0 Hz, Harbinap), 7.64 (s, 2H, Har-binap), 7.63 (s, 2H, Harbinap), 7.62 (s, 2H, Hnkco), 7.51 (dt,
2H, J = 8.0, 1.0 Hz, Harmeso), 7.49 (dt, 2H, J = 8.0, 1.0 Hz, Har- meso), 7.32 (s, 2H, Har-strap),
7.30 - 7.24 (m, 2H, Harbinap), 7.19 (s, 2H, Harstrap), 7.10 - 7.03 (m, 2H, Har-binap), 6.90 (d, 2H,
J =8.0 Hz, Har-binap), 6.83 (d, 2H, J = 8.0 Hz, Har-binap), 6.67 (d, 2H, J = 8.0 Hz, Harstrap), 6.39 (d,
2H, J = 8 .0Hz, Harstrap), 6.12 (t, 2H, J = 8.0 Hz, Har-strap), 5.98 (t, 2H, J = 8.0 Hz, Har-strap), 5.91 (d,
2H, J = 8.0 Hz, Harstrap), 5.78 (d, 2H, J = 8.0 Hz, Har-strap), 3.87 (d, 2H, J = 8.0 Hz, Hcw), 3.72 (d,
2H, J = 8.0 Hz, Hcw), 3.66 (d, 2H, J = 8.0 Hz, Hewa), 3.55 (d, 2H, J = 8.0 Hz, Hewa), 2.42 (s, 6H,
Hocns), 1.89 (s, 6H, Hocns),and -2.64 ppm (s, 2H, NHpyr).
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2.11 Synthesis of 5-(2-(3-(butyl)sammoniumpropoxy)phenyl)-
10,15,20-trispentafluorophenylporphyrin chloride (58)

2.11.1 Synthesis of 5-(2-(3-bromopropoxy)phenyl)-10,15,20-
trispentafluorophenylporphyrin

Fs ;

QD

. CHO CHOO - 0\6\\9
4U+3©+©/\/\/ 2bea f Br
Fs
Fs Q O

Fs

Reaction under nitrogen atmosphere. Dry pyrrole (0.17 g, 2.50 x 103 mol),
2-(3-bromopropoxy)benzaldehyde (0.15 g, 6.2 x 10 mol) and pentafluorobenzaldehyde
(0.37 g, 1.87 x 10 mol) were dissolved in dry dichloromethane (250 mL). The reaction flask
was protected from light and BFs-OEt; (0.035 g, 2.5 x 10* mmol) was added. The so-
obtained pale orange solution was stirred for 3 h at RT. Then, p-chloranil (0.61g,
2.5 x 10 mol) was added and the reaction mixture was refluxed for 6 h in air. The solvent
was removed under reduced pressure obtaining a black solid which was purified by flash
column chromatography on silica gel (60 um, gradient from hexane to
hexane/CH,Cl, = 90:10) yielding the desired product as a purple solid (yield: 20%). The
collected analytical data are in accordance with those reported in literature.?®’

'H NMR (400 MHz, CDCls) &: 8.97 (d, J = 4.7 Hz, 2H, Hgpyrr), 8.91 (s, 4H, Hgpyrr), 8.84 (d,
J=4.7 Hz, 2H, Hgpyr), 8.08 (dd, J = 7.4, 1.5 Hz, 1H, Hg), 7.83 (t, J = 8.1 Hz, 1H, Hy), 7.44 (t,
J=7.6 Hz, 1H, H¢), 7.38 (d, J = 8.1 Hz, 1H, H.), 4.10 (t, J = 5.4 Hz, 2H, H¢), 2.26 (t, J = 6.0 Hz,
2H, Hg), 1.50 -1.40 (m, 2H, Hs), -2.81 (s, 2H, NHpyr).
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2.11.2 Synthesis of 5-(2-(3-(butyl)szammoniumpropoxy)phenyl)-10,15,20-
trispentafluorophenylporphyrin chloride (58)

Fs

0]
NBuz KCI
Acetone
Br
Fs Q O

Fs

Reaction under nitrogen atmosphere. 5-(2-(3-Bromopropoxy)phenyl)-10,15,20-
trispentafluorophenylporphyrin (0.10 g, 1.33 x 103 mol), potassium chloride (0.99 g,
1.33 x 10 mol) and tributylamine (0.25 g, 1.33 x 10 mol) were dissolved in freshly distilled
acetone (10 mL). The reaction mixture was refluxed for 72 h and the formation of the
desired product was checked by TLC (SiO,, 3% methanol in CH,Cl;). Then, the solvent was
evaporated to dryness under reduced pressure to obtain a reddish solid. The so-obtained
reaction crude was purified by flash chromatography (SiO,, gradient from CH.Cl, to
CH:Cly/methanol 95:5) to obtain the desired product as a purple solid (yield: 25%).

'H NMR (400 MHz, CDCl3): § 9.01 - 9.00 (m, 2H, Hgpyrr), 8.93 - 8.92 (m, 6H, Hgpyr), 8.05 - 8.03
(m, 1H, Har), 7.88 - 7.83 (m, 1H, Har), 7.56 - 7.41 (m, 2H, Ha/), 1.58 - 1.53 (m, 2H, Hcwa) 1.47
-1.38 (m, 10H, Hcwa) -0.23 (t, J = 6.9 Hz, 9H, Hcws), -0.33 - -0.47(m, 12H, Hchz), -2.88 ppm (s,
2H, NHpyrr). °F NMR (376 MHz, CDCl3) 6 -136.39 (m, 3F), -137.54 (dd, J = 24.6, 8.5 Hz,
1F), -137.79 (m, 2F), -150.71 (t, J = 20.9 Hz, 2F), -151.00 (t, J = 20.9 Hz, 1F), -160.62 (td,
J=22.4,8.4Hz, 2F),-160.77 --161.08 (m, 3F),-161.29 ppm (td, J = 22.4, 8.4 Hz, 1F). *C NMR
(101 MHz, CDCls) 6 157.67, 147.82, 145.35, 143.65, 141.09, 138.91, 136.45, 134.87, 131.32,
129.76, 121.05, 119.52, 115.48, 113.47, 102.98, 102.32, 77.34, 64.80, 57.08, 54.39, 22.36,
21.85, 17.85, 12.26 ppm. LR-MS (ESI): m/z calcd for (CsoH47CIF1sNsO): 1162.49, found
1126.6 [M'], 35.4 [X]. Elemental Analysis calcd. for (CsgHs7CIF1sNsO): C (60.96), H (4.08), N
(6.02), found: C (61.78), H (4.95), N (6.65). UV-Vis Amax (DCM)/nm (log €): 414 (5.18), 508
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(4.00), 539 (3.17) 584 (3.52) 637 (2.89). IR Vimax (DCM)/cm™: 3322, 3058, 2986, 2961, 2931,
2874, 2860, 1650, 1519, 1499, 1482, 1266, 990. MP> 350 °C.
2.12 Synthesis of TPPH,@SBA-15 (71)

2.12.1 Synthesis 3-azidopropyltriethoxy silane (69)

a

J Js

O
a

\/O\ Y d
o S~ DMF ° O’S'\/\(NS

) PO

a

Reaction under argon atmosphere. 3-Chloropropyltriethoxysilane (3.00 g, 1.25 x 10 mol)
was dissolved in dry DMF (25 mL). Sodium azide (4.05 g, 6.23 x 102 mol) was suspended in
the solution and the reaction mixture was stirred for 3 days at 50 °C. The sodium azide was
rapidly filtered, then water (50 mL) and ethyl acetate (50 mL) were added to the solution.
The two phases were separated and the aqueous one was extracted with ethyl acetate
(4 x 50 mL). The organic phases were dried over sodium sulphate, filtered, and the solvent
was removed under reduced pressure. The obtained pale-yellow oil was stored under
argon at 5 °C (yield: 48%). The collected analytical data are in accordance with those
reported in literature.?®®

'H NMR (500 MHz, CDCl3): & 3.80 (q, 6H, J = 6.9 Hz, H.), 3.25 (t, 2H, J = 7.2 Hz, H.), 1.66 -
1.73 (m, 2H, Hg), 1.21 (t, 9H, J = 6.9 Hz, Hy), 0.66 ppm (t, 2H, J = 8.2 Hz, He).

2.12.2 Synthesis of azide functionalized SBA-15 silica N3@SBA-15 (68)

Pluronic P123 (8.00 g, 1.37 x 10 mol) was added in a solution 2.00 M of HCl in water
(250 mL) and the resulting mixture was heated to 40 °C. The solution was stirred till the
complete dissolution of the polymer, then tetraethoxysilane (TEOS) (16.77 g,
8.05 x 10> mol) was added dropwise. The reaction mixture was stirred 30 minutes, then
3-azidopropyltriethoxysilane (1.00 g, 3.99 x 10 mol) was added and the solution was

stirred at 40 °C for 24 h. Then, the reaction mixture was transferred into a steal autoclave
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and aged for 24 h at 100 °C. The autoclave was cooled to RT and the resulting white solid
was collected in a filter, washed first with slightly acidic water, then with ethanol, and
finally dried for 15 h at 60 °C in the oven. The so-obtained powder was further purified by
Soxhlet extraction using acetonitrile for 48 h to remove Pluronic P123. The final product

was obtained as a white powder after a further drying at 80 °C in the oven for 12 h.

2.12.3 Synthesis of 4-(3-methyl-3-hydroxybut-1-yn-1yl) benzaldehyde
a
OH

CHO
OH  Pd(PPhs),Cl, )

Cul //
// TEA

Br
C

OHC

Reaction under argon atmosphere. 4-Bromobenzaldehyde (3.00 g, 1.62 x102 mol),
Pd(PPhs),Cl, (0.11 g, 1.70 x 10™* mol) and Cul (0.016 g, 8.4 x 10° mol) were dissolved in
freshly distilled TEA (32 mL). Then, 2-methylbut-3-yn-2-ol (1.63 g, 1.94 x 10 mol) was
added. The reaction mixture was stirred for 2 h at 40 °C, then, the solvent was removed
under reduced pressure. The crude was purified by flash chromatography (SiO,, gradient
from hexane/CH,Cl, 8:2 to CH,Cl,) and the product was obtained as a pale-yellow oil (yield:
62%). The collected analytical data are in accordance with those reported in literature.?°
'H NMR (400 MHz CDCls): 6§ 9.02 (s, 1H, Hcro), 7.79 (d, J = 8.1 Hz, 2H, Hc), 7.52 (d, ) = 8.1 Hz,
2H, Hg), 1.61 (s, 6H, Hwme), 2.23 ppm (br's, 1H, OH).
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2.12.4 5-(4-ethynylphenyl)-10,15,20-triphenylporphyrin EtTPPH;

CHO O Q O Q
“ gHo Propionic Acid KOH
. 3@ ., ropemehed e
s o0 gVYD
N OH N

4-(3-Hydroxy-3-methyl-1-butynyl)-benzaldehyde (0.92 g, 4.88 x 10 mmol) and
benzaldehyde (1.56 g, 1.47 10 x 102 mol) were dissolved in propionic acid (50 mL). The
solution was heated to reflux, then pyrrole (1.32 g, 1.95 x 102 mol) was added over 5 min.
The reaction mixture was stirred at reflux for 3 h. The solvent was removed under reduced
pressure, then the crude was purified by flash chromatography (SiO,, gradient elution from
n-hexane to n-hexane/dichloromethane 7:3) as the second spot. The obtained reddish solid
was dissolved in dry toluene under argon, potassium hydroxide (6.00 g, 0.11 mol) was
added, and the reaction mixture was refluxed for 4 h to remove the ethynyl protecting
group. Brine (50 mL) was added, and the organic phase was extracted with brine
(3 x50 mL). The organic phases were dried over sodium sulphate and the solvent was
removed to dryness under reduced pressure. The so-obtained solid was purified by flash
chromatography (SiO,, gradient from hexane/CH,Cl, 7:3 to hexane/ CH,Cl, 1:1) and the
desired product was obtained as a reddish solid (yield: 17%). The collected analytical data
are in accordance with those reported in literature.?*°

'H NMR (300 MHz, CDCl3): 6 8.85 (m, 8H, Hgpyrr), 8.20 (M, 8 H, Har), 7.89 (d, J = 8.1 Hz, 2 H,
Har), 7.77 (m, 9 H, Har), 3.32 (s, 1H, Hethyny1), -2.80 ppm (s, 2H, NH).
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2.12.5 Zn(5-(4-ethynylphenyl)-10,15,20-triphenylporphyrin) ZnEtTPP (70)

QL QL

Zn (OAC)2 2H20
CHCl3/MeOH

cYn, oV

EtTPPH, (0.25 g, 3.90 x 10* mmol) was dissolved in chloroform (65 mL) and a methanol

(35 mL) solution of zinc acetate dihydrate (0.87 g, 3.95 x 10 mol) was added. The reaction
mixture was refluxed 3 h then, the solvents was removed under reduced pressure. The
crude was dissolved in dichloromethane (30 mL) and the solution was washed with water
(3 x 30 mL). The organic phase was dried over sodium sulphate, filtered and the solvent
was removed under reduced pressure to obtain the desired product as a bright pink
powder (yield: 100%).

'H NMR (300 MHz, CDCl3) & 9.56 - 8.58 (m, 8H, Hgpyr), 8.39 - 8.06 (m, 8H, Haro), 7.97 - 7.83
(m, 2H, Har-ortoethynyt), 7.83 - 7.68 (M, 9H, Har-msp), 3.31 ppm (s, 1H, Heenyny). *C NMR (75 MHz,
CDCl3) 6 150.34, 150.30, 150.24, 149.82, 143.54, 142.74, 142.72, 134.44, 134.37, 132.26,
132.15, 132.11, 131.69, 130.42, 129.86, 127.58, 126.61, 121.44, 121.35, 121.33, 119.99,
83.79, 78.17 ppm. LR-MS (ESI): m/z (CssH2sNsZn) calcd 700.16, found [M]* 700.38.
Elemental Analysis calcd. for (CsgH2sN4aZn): C (78.69), H (4.02), N (7.98), found: C (78.87), H
(4.86), N (7.51). UV-Vis Amax (DCM)/nm (log €): 420 (5.42), 548 (4.11), 587 (3.49). IR Vmax
(DCM)/cm™: 718, 796, 810, 994, 1002, 1069, 1338 (C-N), 1340 (C-N), 2852, 2921, 3399 (C-H

alkyne).

2.12.6 Synthesis of TPPH,@SBA-15 (71)
N3@SBA-15 (1.00 g, 2.4 x 10* mol of azide) was suspended in dry toluene (40 mL) under
argon atmosphere. Then ZnEtTPP (0.34 g, 4.8 x 10 mol) and TEA (0.61 g, 6.00 x 10 mol)
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were added to the suspension. The reaction mixture was stirred for 30 minutes at RT, then,
copper iodide (0.23 g, 1.20 x 10 mol) was added. The reaction mixture was stirred at RT
for 4 days. The obtained purple powder was collected in a filter and washed with THF (3 x
30 mL) to recover the porphyrin in excess. Then, the so-obtained powder was suspended
in methanol (40 mL) and N,N-diethyldithiocarbamate sodium trihydrate (0.90 g,
3.99 x 10 mol) was added to remove the copper catalyst. The reaction mixture become
black, and the so-obtained suspension was stirred for 2 h. Then, the purple-powder was
filtrated off and washed firstly with methanol, then with THF, and finally with acetone. In
order to remove the zinc atom from the porphyrin core, the solid was washed with a 0.5 M
solution of HCl in water (5 x 20 mL). The so-obtained green-powder was further washed
with water until it become brown to remove acid traces, then with ethanol and successively
with acetone to remove water. Finally, the obtained product was dried overnight at 80 °C

in the oven.

Thermogravimetric weigth loss Derivatives Plot
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Representative thermogravimetric weight loss curves and derivatives plots for Ns@SBA-15 and

TPPH,@SBA-15.
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3 H, 13C and °F NMR spectra of unpublished catalysts

Compound (58): *H NMR (400 MHz, CDCls)
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Compound (58): *°F NMR (376 MHz, CDCl5)
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Compound (70): *H NMR (300 MHz, CDCls)
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4 Synthesis of N-aryl aziridines

4.1 Synthesis of aril azides

4.1.1 General procedure

The desired aniline (9.98 x 102 mol) was dissolved in a HCl water solution 18.5% (100 mL).
The reaction mixture was cooled to 0 °C in an ice bath and a solution of sodium nitrite
(6.90 g, 0.10 mol) in water (25 mL) was added dropwise. The so-obtained reaction mixture
was stirred for 2 h. Then, urea (0.66 g, 1.10 x 102 mol) was added in one portion. A sodium
azide (6.5 g, 0.10 mol) solution in water (30 mL) was added dropwise in about 30 minutes
under vigorous stirring. The reaction was stirred for further 30 minutes at 0°C and for
additional 3 h at RT. The aqueous phase was extracted with diethyl ether (3 x 50 mL) and
the so-obtained organic phase was dried over sodium sulphate, filtered, and the solvent

was removed under reduced pressure to obtain the desired product.

4.1.2 Synthesis of 3,5-bis-(trifluoromethyl) phenylazide
N3

FsC CF;

b

The product was obtained as an orange oil from 3,5-bis-(trifluoromethyl)aniline (yield:
83%). The collected analytical data were in accordance with those reported in literature.?*

'H NMR (300 MHz, CDCls): § 7.64 (s, 1H, Hy), and 7.44 ppm (s, 2H, Ha).
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4.1.3 Synthesis of 4-tert-butylphenylazide

Bu
The product was obtained as a reddish oil from 4-tert-butyl phenylaniline (yield: 92%). The
collected analytical data were in accordance with those reported in literature.??
'H NMR (300 MHz, CDCls): § 7.37 (d, J = 7.2, Hz 2H, Hy), 6.98 (d, J = 7.2 Hz, 2H, H,), and
1.32 ppm (s, 9H, Hizu).

4.1.4 Synthesis of 4-bromophenylazide

Br

The product was obtained as a pale brown solid from 4-bromophenyl aniline (yield: 83%).
The collected analytical data were in accordance with those reported in literature.?®

'H NMR (300 MHz, CDCl;) § 7.46 (d, J = 8.8 Hz, 2H, Hp) and 6.90 ppm (d, J = 8.8 Hz, 2H, H.).

4.1.5 Synthesis of 4-chlorophenylazide

The product was obtained as an opalescent yellow oil from 4-chlorophenyl aniline (yield:
88%). The collected analytical data were in accordance with those reported in literature.?*?

'H NMR (400 MHz, CDCls) & 7.31 (d, J = 8.7 Hz, 2H, Hp) and 6.96 ppm (d, J = 8.7 Hz, 2H, H,).
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4.1.6 Synthesis of 3,5-dichlorophenylazide
N3

Cl Cl
b

The product was obtained starting as a light brown solid from 3,5-dichlorophenyl aniline
(yield: 88%). The collected analytical data were in accordance with those reported in
literature.”®

'H NMR (300 MHz, CDCls): 6 7.13 (s, 1H, Hp) and 6.91 ppm (s, 2H, H.).

4.1.7 Synthesis of 2-nitrophenylazide

N3
NO,

b

The product was obtained as a yellow powder from 2-nitrophenyl aniline (yield: 84%). The
collected analytical data were in accordance with those reported in literature.??

'H NMR (300 MHz, CDCl5) 6 7.98 - 7.84 (m, 1H, H.), 7.63 (pst, J = 7.8 Hz, 1H, H.), 7.40 - 7.25
(m, 1H, Hg), and 7.26 ppm (pst, J = 7.8 Hz, 1H, Hy).

4.1.8 Synthesis of 4-nitrophenylazide

NO,
The product was obtained as a yellow powder from 4-nitrophenyl aniline (yield: 87%). The
collected analytical data were in accordance with those reported in literature.??

'H NMR (300 MHz, C¢D¢) 6 7.62 (d, J = 9.1 Hz, 2H, Hy) and 6.15 ppm (d, J = 9.1 Hz, 2H, H.).
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4.1.9 Synthesis of 3,5-dinitrophenylazide
N3

[V
[

O,N NO,

b

The product was obtained as a yellow powder from 3,5-dinitrophenyl aniline (yield: 89%).
The collected analytical data were in accordance with those reported in literature.?®’

'H NMR (400 MHz, CDCl5): 6 8.80 (s, 1H, Hy) and 8.19 ppm (s, 2H, Ha).

4.1.10 Synthesis of 4-methoxyphenylazide

OMe
The product was obtained as a deep red oil from 4-methoxyphenyl aniline (yield: 68%). The
collected analytical data were in accordance with those reported in literature.?*
'H NMR (400 MHz, CsD¢) & 6.80 (d, J = 8.5 Hz, 2H, Hy), 6.68 (d, J = 8.5 Hz, 2H, H.), and
3.35 ppm (s, 3H, Howme).

4.1.11 Synthesis of 3-methoxyphenylazide
N3

¢ OMe
b

The product was obtained as a red oil from 3-methoxyphenyl aniline (yield: 62 %). The
collected analytical data were in accordance with those reported in literature.?®*

'H NMR (400 MHz, CDCl3) § 7.28 (pst, J = 8.1 Hz, 1H, H.), 6.78 - 6.64 (m, 2H, Hp.q), 6.61 - 6.55
(m, 1H, H,), and 3.83 ppm (s, 3H, Howe).
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4.2 Synthesis of N-aryl aziridines

4.2.1 General procedure

Reactions performed under nitrogen atmosphere. [Ru(TPP)(CO)] (0.25 g, 3.37 x 10 mol),
the desired styrene (8.40 x 10 mol) and the desired aryl azide (1.68 x 10 mol) were
refluxed in dry benzene (50 mL). When the starting aryl azide was completely consumed,
the reaction solvent was removed under reduced pressure and the desired product was
isolated by flash-chromatography (silica gel, hexane/ethyl acetate 9:1, 0.5% of

triethylamine was added in order to deactivate the silica).

4.2.2 Synthesis of 1-(3,5-bis-trifluoromethylphenyl)-2-phenylaziridine (2)

d

FsC CF;

o
o

The product was obtained as a purple-brown solid by refluxing
3,5-bis-trifluoromethylphenylazide and styrene for 2 h (yield: 99 %). The collected
analytical data were in accordance with those reported in literature.?®’
'H NMR (300 MHz, CDCl3) § 7.49 (s, 1H, Hq), 7.44 (s, 2H, Hc), 7.39 - 7.36 (m, 5H, Hen), 3.24
(dd, J=6.6, 3.3 Hz, 1H, H.), 2.57 (d, / = 6.6 Hz, 1H, Hy), 2.54 ppm (d, J = 3.3 Hz, 1H, Hy).
4.2.3 Synthesis of 1-(4-nitrophenyl)-2-phenyilaziridine (5)

NO,
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The product was obtained as a yellow powder by refluxing 4-nitrophenylazide and styrene
for 1 h (yield: 93%). The collected analytical data were in accordance with those reported
in literature.?’

'H NMR (400 MHz, CDCl5) & 8.14 (d, J = 9.0 Hz, 2H, Hg), 7.40 - 7.32 (m, 5H, Hen), 7.10 (d,
J=9.0Hz, 2H, H.), 3.25 (dd, J = 6.4, 2.6 Hz, 1H, H.), 2.58 (d, J = 6.4 Hz, 1H, Hy), 2.55 ppm (d,
J=2.6Hz, 1H, Hy).

4.2.4 Synthesis of 1-(3,5-bis-(trifluoromethyl)phenyl)-2-(4-methylphenyl)

aziridine (7)

FsC

The product was obtained as a purple-brown solid by refluxing
3,5-bis-trifluoromethylphenylazide and 4-methylstyrene for 4 h (yield: 98%).

'H NMR (300 MHz, CDCl3) 6 7.49 (s, 1H, Hq), 7.44 (s, 2H, Hc), 7.29 (d, J = 8.0 Hz, 2H, Hy), 7.21
(d, J=8.0 Hz, 2H, He), 3.21 (dd, J = 6.4, 3.6 Hz, 1H, H.), 2.55 (d, J = 6.4 Hz, 1H, Hy), 2.53 (d,
J=3.6Hz, 1H, Hy), 2.39 ppm (s, 3H, Hue). *C NMR (75 MHz, CDCl3) § 156.28 (C), 138.12 (C),
135.24 (C), 132.82 (q, /= 33.3 Hz, two overlapping CF3), 129.75 (two overlapping CH),
126.42 (two overlapping CH), 125.42 (C), 121.81 (C), 121.05 (two overlapping CH), 116.30,
(CH), 42.35 (CH), 38.27 (CH,), 21.51 ppm (CH3). *°F NMR (282 MHz, CDCl3) & -63.32 ppm (s).
LR-MS (ESI): m/z (C17H13F¢N) calcd 345.10, found [M+H]* 346.25. Elemental Analysis calcd.
for C17H13FeN: C (59.13), H (3.79), N (4.06), found: C (58.83), H (3.55), N (4.14). UV-Vis Amax
(DCM)/nm (log €): 248 (4.35). IR Vmax (DCM)/cm™: 1004, 1136, 1179, 1244, 1391, 1465,
1613, 3685.
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4.2.5 Synthesis of 1-(3,5-bis-(trifluoromethyl)phenyl)-2-(4-tert-butylphenyl)
aziridine (9)

FsC CF3

Bu

The product was obtained as a brown oil by refluxing 3,5-bis-trifluoromethylphenylazide
and 4-tert-butyl styrene for 4 h (yield: 95%).

'H NMR (400 MHz, CDCl3) § 7.49 - 7.32 (m, 7H, Ha/), 3.23 (dd, J = 6.0, 3.2 Hz, 1H, H.),
2.57-2.55 (m, 2H, Hy), 1.36 ppm (s, 9H, Hiy). *C NMR (100 MHz, CDCl3) 6 155.90 (C),
151.08 (C), 134.84 (C), 132.41 (q, J = 33.3 Hz, two overlapping CFs), 126.87 (CH),
125.73 (CH), 124.58 (C), 121.87 (C), 120.70 (CH), 115.90 (CH), 112.97 (C), 112.35 (CH), 41.88
(CH), 37.88 (CHy), 34.60 (C), 31.33 ppm (three overlapping CHs). **F NMR (376 MHz, CDCls)
6 -62.98 ppm (s). LR-MS (ESI): m/z (CyHisFeN) calcd 387.14, found [M+H]* 388.27.
Elemental Analysis calcd. for (CyoH1sFsN): C (62.01), H (4.94), N (3.62), found: C (62.27), H
(5.33), N (3.54). UV-Vis Anax (DCM)/nm (log €): 249 (4.26). IR Vmax (DCM)/cm™: 947, 1002,
1135, 1180, 1376, 1391, 1466, 1614, 1616.

4.2.6 Synthesis of 1-(4-nitrophenyl)-2-(4-methylphenyl) aziridine (11)
NO,
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The product was obtained as a yellow powder by refluxing 4-nitrophenylazide and 4-methyl
styrene for 2 h (yield: 90%). The collected analytical data were in accordance with those
reported in literature.?®”
'H NMR (300 MHz, CDCls) 6 8.14 (d, J = 9.0 Hz, 2H, Hg), 7.26 - 7.20 (m, 4H, Har), 7.09 (d,
J=9.0Hz, 2H, H¢), 3.21 (dd, J = 6.3, 3.3 Hz, 1H, H.), 2.56 - 2.52 (m, 2H, Hy), 2.37 ppm (s, 3H,
Hwe).
4.2.7 Synthesis of 1-(3,5-bis-(trifluoromethyl)phenyl)-2-(4-bromophenyl)
aziridine (13)

F3C CF;

o
(9]

Br d

The product was obtained as a brown oil by refluxing 3,5-bis-trifluoromethylphenylazide
and 4-bromostyrene for 3 h. (yield: 77%). The collected analytical data were in accordance
with those reported in literature.?®*

'H NMR (300 MHz, CDCl3) 6 7.52-7.49 (m, 3H, Ha), 7.41 (s, 2H, Hc), 7.27 - 7.25 (m, 2H, Hg),
3.19 (dd, J=4.8, 2.6 Hz, 1H, H,) 2.56 (dd, /= 4.8, 0.6 Hz, 1H, Hy), 2.48 ppm (dd, J = 2.6,
0.6 Hz, 1H, Hy).

4.2.8 Synthesis of 1-(3,5-bis-(trifluoromethyl)phenyl)-2-

(2,3,4,5,6-pentafluorophenyl) aziridine (15)

FsC CF,
F N

F a )

F F
F
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The product was obtained as a light brown solid by refluxing
3,5-bis-trifluoromethylphenylazide and 2,3,4,5,6-pentafluoro styrene for 4 h (yield: 97%).
'H NMR (300 MHz, CDCl3) § 7.55 (s, 3H, Har), 3.29 (dd, J = 6.3, 3.6 Hz, 1H, Ha), 2.96 (d,
J=3.6 Hz, 1H, Hp), 2.63 ppm (d, J = 6.6 Hz, 1H, Hy). *C NMR (75 MHz, CDCl3) 6 155.05 (C),
148.13 (m, C-F), 144.83 (m, C-F), 143.29 (m, C-F), 139.90 (m, C- F), 136.39 (m, C-F), 133.10
(9,4 =33.4 Hz, two overlapping CF3), 128.88 (C), 125.27 (C), 121.65 (C), 121.10 (CH), 117.23
(CH), 34.36 (CH), 32.81 ppm (CH,). °F NMR (282 MHz, CDCl3) § -63.49 (s, 6F, Fcrs), -143.14
(d, J = 20.3 Hz, 2F, F,), -153.88 - -154.06 (m, 1F, Fy), -161.86 - -162.01 (m, 2F, F). LR-MS
(ESI): m/z (Ci6HeF11N) calcd 421.03, found [M+H]* 422.25. Elemental Analysis calcd. for
(Ci6HsF11N): C (45.62), H (1.44), N (3.33), found: C (45.44), H (1.68), N (3.42). UV-Vis Anax
(DCM)/nm (log €): 248 (4.35). IR Vmax (DCM)/cm™: 1138, 1182, 1395,1465, 1502, 1525,1607,
3599, 3685.

4.2.9 Synthesis of 1-(4-tert-butylphenyl)-2-(2,3,4,5,6-pentafluorophenyl) aziridine
(17)

The product was obtained as a brown oil by refluxing 4-tert-butylphenylazide and
2,3,4,5,6-pentafluoro styrene for 24 h (yield: 57%).

'H NMR (300 MHz, CDCl3) 6§ 7.32 (d, J = 8.7 Hz, 2H, Hq), 7.08 (d, J = 8.7 Hz, 2H, H.), 3.13 (dd,
J=6.3,3.3Hz, 1H, H.), 2.80 (d, J = 3.3 Hz, 1H, Hy), 2.49 (d, / = 6.3 Hz, 1H, Hy), 1.31 ppm (s,
9H, Hipu). *C NMR (75 MHz, CDCl3) § 151.15 (C), 148.25 (m, C-F), 146.55 (C), 144.79 (m,
C-F), 142.83 (m, C- F), 139.47 (m, C-F), 136.28 (m, C-F), 126.42 (CH), 126.37 (CH) 122.83
(CH) 120.50 (CH), 34.67 (C), 34.10 (CH,), 32.27 (CH), 31.82 ppm (three overlapping CHs).
One quaternary carbon was not detected. *>F NMR (282 MHz, CDCl3) § -143.02 (dd, J = 22.1,
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8.0 Hz, 2F, F,), -155.20 - -155.35 (m, 1F, Fp), - 162.62 - -162.72 ppm (m, 2Fn). LR-MS (ESI):
m/z (CigsHisFsN) calcd 341.12, found [M+H]* 342.05. Elemental Analysis calcd. for
(CigH16FsN): C (63.34), H (4.72), N (4.10), found: C (62.97), H (4.76), N (4.08). UV-Vis Anax
(DCM)/nm (log €): 233 (3.14). IR Vmax (DCM)/cm™: 909, 915, 920, 1244, 1500, 1523, 1606,
3686.

4.2.10 Synthesis of 1-(4-methoxyphenyl)-2-phenylaziridine (19)
OMe

The product was obtained as an orange oil by refluxing 4-methoxyphenylazide and styrene
for 6 h (yield 65%). The collected analytical data were in accordance with those reported in
literature.?®’

'H NMR (400 MHz, CDCl5) § 7.36 - 7.28 (m, 5H, Hen), 6.95 (d, J = 8.8 Hz, 2H, Hq), 6.77 (d,
J=8.8 Hz, 2H, Hc), 3.73 (s, 3H, Home), 3.01 - 2.98 (m, 1H, H.), 2.37 (d, J = 6.3 Hz, 1H, Hy),
2.33 ppm (d, /= 2.4 Hz, 1H, Hy).

4.2.11 Synthesis of 1-(4-tert-butylphenyl)-2-phenylaziridine (21)

Bu
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The product was obtained as a brown oil by refluxing 4-tert-butylphenylazide and styrene
for 4 h (yield: 84%). The collected analytical data were in accordance with those reported
in literature.?’

'H NMR (400 MHz, CDCl3) & 7.43 - 7.30 (m, 7H, Har), 7.03 (d, J = 8.4 Hz, 2H, H.) 3.12 (dd,
J=8.8,4.4Hz, 1H, H,), 2.48 (d, / = 8.8 Hz, 1H, Hy), 2.41 (d, J = 4.4 Hz, 1H, Hy), 1.35 ppm (s,
9H, Hisu).

4.2.12 Synthesis of 1-(4-bromophenyl)-2-phenylaziridine (23)
Br

The product was obtained as a light brown solid by refluxing 4-bromophenylazide and
styrene for 3 h (yield: 97%). The collected analytical data were in accordance with those
reported in literature.?®”

'H NMR (400 MHz, CDCls) & 7.36 - 7.32 (m, 7H, Har), 6.91 (d, J = 11.2 Hz, 2H, H,), 3.07 (dd,
J=8.0,4.4 Hz, 1H, H.), 2.42 - 2.40 ppm (m, 2H, Hy).

4.2.13 Synthesis of 1-(4-chlorophenyl)-2-phenylaziridine (25)
Cl
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The product was obtained as a brown oil by refluxing 4-chlorophenylazide and styrene for
3 h (yield: 90%). The collected analytical data were in accordance with those reported in
literature.?®’

'H NMR (400 MHz, CDCls) § 7.37 - 7.36 (m, 5H, Hpn), 7.20 (d, J = 8.8 Hz, 2H, Hc), 6.97 (d,
J=8.8 Hz, 2H, Hg), 3.08 (dd, J = 6.4, 3.6 Hz, 1H, H.), 2.44 - 2.41 ppm (m, 2H, Hy).

4.2.14 Synthesis of 1-(2-nitrophenyl)-2-phenylaziridine (27)

e

NO,

The product was obtained as a yellow oil by refluxing 2-nitrophenylazide and styrene for
4 h (yield: 95%). The collected analytical data were in accordance with those reported in
literature.?®’

'H NMR (300 MHz, CDCl3) & 7.93 (d, J = 8.1 Hz, 1H, Hy), 7.46 (pst, J = 7.5, Hz 1H, Hg),
7.35-7.24 (m, 5H, Hpp), 7.19-7.16 (m, 1H, Hc), 7.06 (pst, J= 7.8 Hz, 1H, H¢), 3.32 (dd, /= 6.2,
3.5 Hz, 1H, H.), 2.66 (d, J = 3.5 Hz, 1H, Hy), 2.47 ppm (d, J = 6.2 Hz, 1H, Hy).

4.2.15 Synthesis of 1-(3-methoxyphenyl)-2-phenylaziridine (29)

f
R OMe
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The product was obtained as a reddish oil by refluxing 3-methoxyphenylazide and styrene
for 72 h (yield: 43%). The collected analytical data were in accordance with those reported
in literature.?’

'H NMR (400 MHz, CDCl3) & 7.49 - 7.24 (m, 5H, Hen), 7.14 (pst, J = 8.0 Hz, 1H, He), 6.64 (ddd,
J=17.9,2.1,1.0Hz, 1H, Hg), 6.60 (pst, J = 2.2 Hz, 1H, H.), 6.53 (ddd, J = 8.3, 2.5, 1.0 Hz, 1H,
H¢), 3.76 (s, 3H, Howme), 3.09 (dd, J=6.5, 3.3 Hz, 1H, H,), 2.45 (dd, J = 6.5, 1.2 Hz, 1H, Hy),
2.37 ppm (dd, J = 3.3, 1.2 Hz, 1H, Hy).

4.2.16 Synthesis of 1-(3,5-dichlorophenyl)-2-phenylaziridine (30)

d

Cl Cl

The product was obtained as a brown oil by refluxing 3,5-dichorophenylazide and styrene
for 4 h (yield: 96%). The collected analytical data were in accordance with those reported
in literature.?®’

'H NMR (300 MHz, CDCl3) § 7.40 - 7.31 (m, 5H, Hen), 6.98 (s, 1H, Ha), 6.93 (s, 2H, Hc), 3.14
(dd, J=6.4,3.4 Hz, 1H, H.), 2.48 (d, / = 6.4 Hz, 1H, Hy), 2.43 ppm (d, J = 3.4 Hz, 1H, Hy).

4.2.17 Synthesis of 1-(3,5-dinitrophenyl)-2-phenylaziridine (32)

d

O,N NO,

o
(9]

The product was obtained as a yellow powder by refluxing 3,5-dinitrophenylazide and

styrene 4 h (yield: 94%).
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'H NMR (300 MHz, CDCls) 6 8.64 (t, J = 2.0 Hz, 1H, Hq), 8.15 (d, J = 2.0 Hz, 2H, H.), 7.42 - 7.36
(m, 5H, Hen), 3.36 (dd, J = 6.6, 3.6 Hz, 1H, H.), 2.68 (d, J = 6.6 Hz, 1H, Hy), 2.66 ppm (d,
J=3.6Hz, 1H, Hy). ®C NMR (75 MHz, CDCl5) & 156.87 (C), 149.00 (C), 136.87 (two
overlapping C), 128.83 (two overlapping CH), 128.28 (CH), 126.15 (two overlapping CH),
120.74 (two overlapping CH) 112.39 (CH), 42.71 (CH), 38.46 ppm (CH,). LR-MS (ESI): m/z
(C14H11N304) calcd 285.07, found [M+H]"286.08. Elemental Analysis calcd. for (C14H11N304):
C (58.95), H (3.89), N (14.73), found: C (58.73), H (3.62), N (14.71). UV-Vis Anax (DCM)/nm
(log €): 233 (4.40). IR Vmax (DCM)/cm™: 1009, 1078, 1137, 1172, 1255, 1346, 1394, 1464,
1543, 1605, 1712.

4.2.18 Synthesis of 1-(3,5-bis-trifluoromethylphenyl)-2-phenyl-3-methyl aziridine
(34)
FsC CF;

The product was obtained as a brown oil by refluxing 3,5-bis-trifluoromethylphenylazide
and trans-B-methyl styrene for 4 h (yield: 62%).

'H NMR (300 MHz, CDCl3) § 7.45 - 7.30 (m, 8H, Hpn), 3.06 (d, J = 2.7 Hz, 1H, H,), 2.77 - 2.70
(m, 1H, Hy), 1.29 ppm (d, J = 5.7 Hz, 3H, Hue). *C NMR (75 MHz, CDCl3) § 151.67 (C), 137.59
(C), 132.62 (q, J = 33.1 Hz, two overlapping CF3), 129.00 (two overlapping CH), 128.21 (CH),
126.76 (two overlapping CH), 125.48 (C), 121.11 (CH), 121.07 (CH), 115.77 (CH), 48.90 (CH),
44.64 (CH), 15.43 ppm (three overlapping CHs). One quaternary carbon not detected.
F NMR (282 MHz, CDCl3) § -63.34 ppm (s). LR-MS (ESI): m/z (C14H11FsN) calcd 345.10,
found [M+H]*346.30. Elemental Analysis calcd. for (C1aH11F¢N): C (59.13), H (3.79), N (4.06),
found: C (58.75), H (3.84), N (4.03). UV-Vis Amax (DCM)/nm (log €): 251 (4.18). IR Vmax
(DCM)/cm™: 1003, 1040, 1136, 1179, 1385, 1465, 1612, 3599.
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4.2.19 Synthesis of 1-(4-tert-butylphenyl)-2-phenyl-3-methyl aziridine (36)

The product was obtained as a brown oil by refluxing 4-tert-butylphenylazide and
trans-B-methyl styrene for 16 h (yield: 48%).

'H NMR (300 MHz, CDCl3) 6 7.33 - 7.31 (m, 5H, Hpn), 7.25 - 7.22 (m, 2H, Hq), 6.86 (d,
J=8.4Hz, 2H, H¢), 2.90 (d, J = 2.7 Hz, 1H, H,), 2.56 (qd, / = 5.7, 2.7 Hz, 1H, Hy), 1.28 (s, 9H,
Hisu), 1.21 ppm (d, J = 5.7 Hz, 1H, Hye). *C NMR (75 MHz, CDCls) § 147.14 (C), 145.11 (C),
139.76 (C), 128.73 (CH), 127.48 (CH), 126.79 (CH), 126.03 (two overlapping CH), 120.78
(two overlapping CH), 48.09 (CH), 44.15 (CH), 34.56 (C) 31.91 (three overlapping CHs),
15.16 ppm (CHs). LR-MS (ESI): m/z (C19H23N) calcd 265.18, found [M+H]*266.27. Elemental
Analysis calcd. for (CioH23N): C (85.99), H (8.74), N (5.27), found: C (85.97), H (9.02),
N (5.01). UV-Vis Amax (DCM)/nm (log €): 246 (4.16). IR Vmax (DCM)/cm™: 909, 913, 918, 923,
927, 933, 939, 1255, 1417, 1510, 1517, 1605, 3599, 3686.

4.2.20 Synthesis of 1-(3,5-bis(trifluoromethyl)phenyl)-2-methyl-2-phenylaziridine

FsC CF;

The product was obtained by refluxing 3,5-bis-trifluoromethylphenylazide and a-methyl
styrene for 1 h (yield: 99 %). The collected analytical data were in accordance with those

reported in literature.?®”
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H NMR (400 MHz, CDCl3) & 7.53 - 7.29 (m, 8H, Has), 2.65 (s, 1H, H.), 2.38 (s, 1H, H),
1.45 ppm (s, 3H, Hwme).
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5 !H, 3C and '°F NMR spectra of unreported N-aryl aziridines
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Compound (7): °F NMR (282 MHz, CDCls)
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Compound (9): 3C NMR (100 MHz, CDCl5)
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Compound (15): *H NMR (300 MHz, CDCls)
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Compound (15): *°F NMR (282 MHz, CDCl5)
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Compound (17): *C NMR (75 MHz, CDCl5)
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Compound (32): *H NMR (300 MHz, CDCls)
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Compound (34): *H NMR (300 MHz, CDCls)
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Compound (34): *°F NMR (282 MHz, CDCl5)
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Compound (36): *C NMR (75 MHz, CDCl5)
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6 Synthesis of N-alkyl aziridines

6.1 General procedure

Br O

R
& N \%)/ N
(CH3).S + Bry, —— ? Br®© + > + RNH; >

o T

General procedure: dimethyl sulphide (12.42 g, 0.20 mol) was dissolved in acetonitrile
(90 mL) and the solution was placed in an ice bath. Then, a solution of bromine (31.96 mL,
0.20 mol) in acetonitrile (10 mL) was added dropwise over 30 minutes. During the addition,
light orange crystals of bromodimethyl sulfonium bromide was formed. The reaction was
stirred for further 10 minutes, then styrene (20.83 g, 0.20 mol) was added to the solution
dropwise. The so-obtained reaction mixture was stirred for 30 minutes, then diethyl ether
(70 mL) was added to favour the precipitation of a white solid. The so-obtained powder
was collected by filtration, washed several times with diethyl ether and dried under
reduced pressure. The white crystals of styrene sulphonium bromide (8.62:10° mol) were
suspended in water (20 mL) and a solution of the desired amine (4.30-102 mol) in water
(5 mL) was added dropwise. The resulting reaction mixture was stirred overnight. Then,
brine (20 mL) and diethyl ether (20 mL) were added, and the phases were separated. The
aqueous phase was washed with diethyl ether (3 x 30 mL) and the combined organic phases
were dried over sodium sulphate. The solvent was removed under reduced pressure and
the crude was purified by flash chromatography (silica gel, hexane/ethyl acetate 9:1, 0.5%

of triethylamine was added in order to deactivate the silica).

6.2 Synthesis of 1-"butyl-2-phenylaziridine (42)
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The general procedure was followed by using normal-butylamine to obtain the product as
a yellowish oil (yield: 72%). The collected analytical data were in accordance with those
reported in literature.’®

'H NMR (400 MHz, CDCl3): 6 7.29 - 7.12 (5H, m, Hpn), 2.45 (dt,J = 11.5 Hz, 7.3 Hz, 1H, H.),
2.28 (dt,J = 11.5, 7.3 Hz, 1H, H¢), 2.23 (dd, J = 6.4, 3.2 Hz, 1H, H,), 1.83 (d, J = 3.2 Hz, 1H,
Hy), 1.59 (d, J = 6.5 Hz, 1H, Hy), 1.67 - 1.55 (m, 2H, Hq), 1.44 - 1.34 (m, 2H, He), 0.91 ppm (t,
J=7.3 Hz, 3H, Hy).

6.3 Synthesis of 1-'butyl-2-phenylaziridine (72)

d
c
e

N

a

The general procedure was followed by using iso-butylamine to obtain the product as a
yellowish oil (yield: 86%). The collected analytical data were in accordance with those
reported in literature.

'H NMR (300 MHz, CDCl3): § 7.34 - 7.21 (m, 5H, Hpn), 2.46 (dd, J = 11.5, 7.1 Hz, 1H, Ha), 2.30
(dd,J=6.5, 3.3 Hz, 1H, Hy), 2.09 (dd, J = 11.5, 6.5 Hz 1H, Hy), 1.97 - 1.86 (M, 2H, Ha.c), 1.67
(d, J=6.4Hz, 1H, Hc), 1.02 - 0.96 ppm (m, 6H, He).

6.4 Synthesis of 1-°butyl-2-phenylaziridine (73)

The general procedure was followed by using sec-butylamine to obtain the product as a

yellowish oil (yield: 81%).
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'H NMR (300 MHz, CDCl3) § 7.29 - 7.16 (m, 5H, Hpn), 2.34 and 2.28 (dd, J = 6.6, 3.3 Hz, 1H,
Ha) 1.90 and 1.84 (d, J = 3.3 Hz, 1H, Hy), 1.60 - 1.36 (m, 4H, Hy cang), 1.14 and 1.12 (d,
J=3.8Hz, 1H, Hq), 0.94 and 0.88 ppm (t, J = 7.3 Hz, 1H, H¢). *C NMR (75 MHz, CDCl5) §
114.12 and 114.01 (C), 128.66 (CH), 127.15 (CH), 126.88 and 126.78 (CH), 68.22 and 67.96
(CH), 42.06 and 40.24 (CH), 37.86 and 36.31 (CH.), 30.27 and 29.91(CH,), 20.22 and 19.66
(CHs), 11.29 and 11.11 ppm (CHs). Elemental Analysis calcd. for C12H17N: C (82.23), H (9.78),
N (7.99), found: C (82.02), H (9.70), N (7.83). LR-MS (ESI): m/z (C1,H17N) caled 175.1, found
[M+H]* 176.23 UV-Vis Amax (DCM)/nm (log €): 231 (3.56). IR Vmax (DCM)/cm™: 1008, 1029,
1074, 1086, 1097, 1158, 1176, 1205, 1344, 1376, 1464, 1497, 1605, 2825, 2827, 2933.

6.5 Synthesis of 1-'butyl-2-phenylaziridine (75)

> \\\\

N

a

The general procedure was followed by using tert-butylamine to obtain the product as a
yellowish oil (yield: 64%). The collected analytical data were in accordance with those
reported in literature.®

'H NMR (400 MHz, CDCl3): & 7.37 - 7.24 (m, 5H, Hpn), 2.67 (dd, J = 6.3, 2.9 Hz, 1H, Ha), 1.93
(d, J=6.4 Hz, 1H, Hp), 1.69 (d, J = 2.9 Hz, 1H, Hy), 1.10 ppm (s, 9H, Hisu).

6.6 Synthesis of 1-cyclpopentyl-2-phenylaziridine (76)

Q
o
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The general procedure was followed by using cyclopentylamine to obtain the product as a
yellowish oil (yield: 81%). The collected analytical data were in accordance with those
reported in literature.?®

'H NMR (300 MHz, CDCl3): 6 7.26 - 7.24 (m, 4H, Hpn), 7.18 - 7.15 (m, 1H, Hph-para), 2.34 (dd,
J=6.5,3.3 Hz, 1H, H.), 2.09 - 2.00 (m, 1H, Hc), 1.81 (d, J= 3.1 Hz, 1H, Hy), 1.79 - 1.74 (m, 1H,
Heyclopentyl), 1.72 - 1.66 (m, 4H, Heyclopentyr), 1.64 (d, J = 6.5 Hz, 1H, Hy), 1.53 - 1.49 ppm (m, 2H,

Hcyclopentyl)-

6.7 Synthesis of 1-cyclohexyl-2-phenylaziridine (77)

The general procedure was followed by using cyclohexylamine to obtain the product as a
yellowish oil (yield: 77%). The collected analytical data were in accordance with those

reported in literature.’®

'H NMR (400 MHz, CDCl3): § 7.24 - 7.20 (m, 4H, Hpn), 7.19 - 7.12 (m, 1H, Hpn-para), 2.30 (dd,
J=6.5,3.3 Hz, 1H, H,), 1.85-1.80 (m, 1H, H.), 1.83 (d, /= 3.1 Hz, 1H, Hy), 1.82 - 1.70 (m, 2H,
Heyelohexyl), 1.61 (d, J = 6.5 Hz, 1H, Hy), 1.47 - 1.37 (m, 2H, Heyelohexyl), 1.28 - 1.15 ppm (m, 6H,

Hcyclohexyl)-

6.8 Synthesis of 1-cyclohexylmethyl-2-phenylaziridine (78)

d
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The general procedure was followed by using cyclohexylmethylamine to obtain the product
as a yellowish oil (yield: 82%). The collected analytical data were in accordance with those
reported in literature.’®

'H NMR (300 MHz, CDCl3): § 7.30 - 7.17 (m, 5H, Hep), 2.42 (dd, J = 11.7, 7.0 Hz, 1H, Hc), 2.25
(dd, J = 6.4, 3.2 Hz, 1H, H.), 2.09 (dd, J = 11.7, 6.4 Hz, 1H, Hc), 1.85 (d, J = 6.5 Hz, 1H, Hy),
1.79-1.58 (m, 5H, Heyciohexyl), 1.62 (d, J = 6.5 Hz, Hy), 1.20 - 1.10 (m, 3H, Hcyciohexyl),
0.98 - 0.90 ppm (m, 2H, Hg).

6.9 Synthesis of 1-benzyl-2-phenylaziridine (80)

The general procedure was followed by using benzylamine to obtain the product as a
yellowish oil (yield: 80%). The collected analytical data were in accordance with those
reported in literature.’®

'H NMR (400 MHz, CDCl3): § 7.47 - 7.28 (m, 10H, Ha/), 3.74 (q, J = 13.7 Hz, 2H, Hc), 2.59 (dd,
J=6.4,3.3 Hz, 1H, H.), 2.07 (d, J = 3.3 Hz, 1H, Hy), 1.93 ppm (d, J = 6.5 Hz, 1H, Hy).

6.10 Synthesis of 1-(4-methoxy)benzyl-2-phenylaziridine (81)

d OMe

(9]
@
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The general procedure was followed by using 4-(methoxy)benzylamine to obtain the
product as a yellowish oil (yield: 80%). The collected analytical data were in accordance
with those reported in literature.?’

'H NMR (300 MHz, CDCl3): & 7.29 - 7.18 (m, 7H, Hph+a), 6.84 (d, J = 8.6 Hz, 2H, He), 3.77 (s,
3H, Howme), 3.57 (g, J = 13.4 Hz, 2H, H.), 2.48 (dd, / = 6.5, 3.3 Hz 1H, H.), 1.95 (d, J = 3.3 Hz,
1H, Hy), 1.82 ppm (d, / = 6.5 Hz, 1H, Hy).

6.11 Synthesis of 1-‘amyl-2-phenylaziridine (82)

The general procedure was followed by using iso-amylamine to obtain the product as a
yellowish oil (yield: 71%). The collected analytical data were in accordance with those
reported in literature.®

'H NMR (400 MHz, CDCl3): § 7.37 - 7.31 (m, 4H, Har), 7.29 - 7.24 (m, 1H, Ha/), 2.61 - 250 (m,
1H, Hc), 2.48 - 2.37 (m, 1H, Hc), 2.35 (dd, 1H, J = 6.5, 3.3 Hz, H,), 1.94 (d, 1H, J=3.1 Hz, Hy),
1.77 (heptet, 1H,J=6.6 Hz, H¢), 1.70 (d, 1H, J = 6.5 Hz, Hy), 1.65 - 1.55 (m, 2H, Hq), 0.99 ppm
(dd, 6H, J = 6.9 Hz, 1.6 Hz, Hs).
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7 H and 3C spectra of unpublished N-alkyl aziridines

Compound (73): *H NMR (300 MHz, CDCls)
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8 Carbon dioxide cycloaddition to N-aryl aziridines

8.1 General procedure

a) General procedure for homogenous catalysts: meso-tetraphenylporphyrin (2.3 mg,
3.75 x 10°® mol), tetrabutyl ammonium chloride (2.6 mg, 1.88 x 10° mol) and the aziridine
(3.75 x 10* mol) were dissolved in THF (0.25 mL) in a 2 mL glass liner equipped with a screw
cap and glass wool. The vessel was transferred into a stainless-steel autoclave under
nitrogen atmosphere and three vacuum-nitrogen cycles were performed. 1.2 MPa of CO;
was charged at room temperature and the autoclave was placed in a preheated oil bath at
125 °C and stirred for 8 h. Then, the autoclave was cooled at room temperature and slowly
vented. The solvent was evaporated to dryness and the crude analyzed by 'H NMR
spectroscopy by using 2,4-dinitrotoluene as the internal standard. The product was purified
by flash chromatography (silica gel, hexane/ethyl acetate 9:1).

b) General procedure for heterogeneous catalysts: TPPH,@SBA-15 (3.75 x 10° mol),
tetrabutyl ammonium chloride (2.6 mg, 1.88 x 10° mol) and the aziridine (3.75 x 10* mol)
were dissolved in THF (0.25 mL) in a 2 mL glass liner equipped with a screw cap and glass
wool. The vessel was transferred into a stainless-steel autoclave under nitrogen
atmosphere and three vacuum-nitrogen cycles were performed. 1.2 MPa of CO, was
charged at room temperature and the autoclave was placed in a preheated oil bath at
125°C and stirred for 16 h. Then, the autoclave was cooled at room temperature and slowly
vented. The solvent was evaporated to dryness and the crude analyzed by 'H NMR
spectroscopy by using 2,4-dinitrotoluene as the internal standard.

c) Recycling of the heterogeneous catalyst: the procedure b was applied and at the end of
the reaction the catalyst was collected in a filter, washed with DCM, and dried in the oven.

Then, the isolated catalyst was used for the next reaction cycle.

8.1.2 Optimization of the catalytic conditions: the general procedure reported for

synthesizing 4 was repeated by varying the following experimental conditions:
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a) the aziridine concentration at 1.2 MPa CO,, 100 °C for 15 h: [2] = 0.075 M, 30% yield; [2]
= 0.16 M, 45% yield; [2] = 0.33 M, 58% yield; [2] = 0.66 M, 69% yield; [2] = 1.00 M, 80%
yield; [2] = 1.50 M, 86% yield; [2] = 2.0 M, 89% yield.

b) the CO; pressure at 1.5 M of 2, 100 °C for 15 h: CO; pressure = 0.1 MPa, 56% vyield; CO,
pressure = 0.4 MPa, 57% yield; CO; pressure = 0.6 MPa, 74% yield; CO; pressure = 1.2 MPa
86% yield; CO, pressure = 1.8 MPa, 75% vyield.

c) the reaction temperature at 1.5 M of aziridine, 1.2 MPa CO; for 15 h: T = 25 °C, 8% yield;
T =50 °C, 9% yield; T = 75 °C, 32% yield; T = 100 °C, 70% yield; T = 125 °C, 99% vyield;
T =150 °C, 99% yield.

8.2 Synthesis of 3-(3,5-bis-(trifluoromethyl)phenyl-5-phenyloxazalidin-2-one (4)

CF
c 3

d

b
c

CF3

The general procedure was followed by using aziridine 2 to obtain the product as a purple-
brown solid.

'H NMR (400 MHz, CDCl3) 6 8.06 (s, 2H, Hc), 7.64 (s, 1H, Hg), 7.45 - 7.41 (m, 5H, Hey), 5.72
(pst, J = 8.0 Hz, 1H, H.), 4.47 (pst, J = 8.8 Hz, 1H, Hy), 4.03 ppm (pst, J = 7.6 Hz, 1H, Hy).
13C NMR (100 MHz, CDCl;) § 154.49 (C=0), 140.02 (C), 137.55 (C), 132.92 (q, J = 33.7, two
overlapping CFs), 129.85 (CH), 129.57 (two overlapping CH), 125.96 (two overlapping CH),
124.73 (C), 122.02 (C), 117.97 (CH), 117.94 (CH), 117.58 (CH), 74.69 (CH), 52.68 ppm (CH>).
F NMR (376 MHz, CDCl3) 6 -62.97 ppm (s). LR-MS (ESI): m/z (C17H1:F¢NO>) calcd 375.07,
found [M+H]" 376.11. Elemental Analysis calcd. for (C17H1:FsNO,): C (54.41), H (2.95), N
(3.73), found: C (54.09), H (3.25), N (3.61). UV-Vis Amax (DCM)/nm (log €): 244 (4.22). IR Vmax
(DCM)/cm™:1140 1184, 1403, 1476, 1764 (C=0), 2976.
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8.3 Synthesis of 3-(4-nitrophenyl)-5-phenyloxazalidin-2-one (6)

O
o
a N

4
(oo
b

¢ d

The general procedure was followed by using aziridine 5 to obtain the product as a yellow
powder.

'H NMR (400 MHz, CDCl3) 8.27 - 8.24 (m, 2H, Ha), 7.74 (d, J = 9.3 Hz, 2H, H.), 7.46 - 7.42 (m,
5H, Hen) 5.71 (pst, J = 8.2 Hz, 1H, Ha), 4.47 (pst, J = 8.8 Hz, 1H, Hy), 4.03 ppm (dd, /= 8.8, 7.6
Hz, 1H, Hy). *C NMR (100 MHz, CDCls) & 154.05 (C=0), 143.65 (C), 143.41 (C), 137.23 (C),
129.53 (CH), 129.24 (two overlapping CH), 125.66 (two overlapping CH), 125.02 (two
overlapping CH), 117.55 (two overlapping CH), 74.30 (CH), 52.42 ppm (CH,). LR-MS (ESI):
m/z (CisH12N204) calcd 284.08, found [M+H]* 285.02. Elemental Analysis calcd. for
(C15H12N204): C (63.38), H (4.25), N (9.85), found: C (63.01), H (4.29), N (9.80). UV-Vis Anax
(DCM)/nm (log €): 317 (4.28). IR Vmax (DCM)/cm™:1143, 1205, 1220, 1298, 1333, 1344, 1369,
1395, 1417, 1482, 1503, 1520, 1599, 1764 (C=0).

8.4 3-(3,5-bis-(trifluoromethyl)phenyl-5-(4-methylphenyl)oxazalidin-2-one (8)

O CF;
(03
) o«

d

b
c

CF3

The general procedure was followed by using aziridine 7 to obtain the product as a purple-
brown solid.

'H NMR (300 MHz, CDCl3) & 8.05 (s, 2H, Hc), 7.64 (s, 1H, Hs), 7.35 - 7.24 (m, 4H, Ha/), 5.68
(pst, J=8.1Hz, 1H, H.), 4.43 (pst, J = 8.7 Hz, 1H, Hy), 4.01 (pst, J = 8.1 Hz, 1H, Hy), 2.38 ppm
(s, 3H, Hwe). *C NMR (75 MHz, CDCls) 6§ 154.20 (C=0), 139.72 (C), 134.12 (C), 132.80 (q,
J=33.4 Hz, two overlapping CFs), 129.86 (two overlapping CH), 125.69 (two overlapping
CH), 124.85 (C), 121.23 (C), 117.62 (two overlapping CH), 117.16 (CH), 74.40 (CH), 52.38
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(CH2), 21.22 ppm (CHs). *F NMR (282 MHz, CDCl;) § -63.26 ppm (s). LR-MS (ESI): m/z
(CigH13F6NO2) calcd 389.09, found [M+H]® 390.13. Elemental Analysis calcd. for
(C1sH13FsNO,): C (55.53), H (3.37), N (3.60), found: C (55.17), H (3.42), N (3.57). UV-Vis Anax
(DCM)/nm (log €): 244 (4.17). IR Vmax (DCM)/cm™: 1141, 1185, 1246, 1403, 1476, 1763
(C=0).

8.5 Synthesis of 3-(3,5-bis-(trifluoromethyl)phenyl)-5-(4-tert-
butylphenyl)oxazalidin-2-one (10)

CF
c 3
) 0/4N

d

- e CF,

The general procedure was followed by using aziridine 9 to obtain the product as a light
brown oil.

'H NMR (300 MHz, CDCl3) & 8.05 (s, 2H, H), 7.64 (s, 1H, Hq), 7.47 (d, J = 8.4 Hz, 2H, Hy), 7.36
(d, J = 8.4 Hz, 2H, H.), 5.70 (pst, J = 7.7 Hz, 1H, H,), 4.44 (pst, J = 8.6 Hz, 1H, Hy), 4.03 (dd,
J 8.6,7.7 Hz, 1H, Hy), 1.33 ppm (s, 9H, Hsy). *C NMR (75 MHz, CDCl3) 140.12 (C), 134.52
(C) 132.95 (q, J = 33.7 Hz, two overlapping CF3), 126.54 (two overlapping CH), 125.86 (two
overlapping CH), 125.24 (C), 121.62 (C), 117.95 (two overlapping CH), 117.58 (CH), 74.70
(CH), 52.73 (CHy), 35.15 (C), 31.62 ppm (three overlapping CHs;). C=O was not detected.
F NMR (282 MHz, CDCls) § -63.27 ppm (s). LR-MS (ESI): m/z (Co1H1sFgNO>) calcd 431.16,
found [M+Na]* 454.16 Elemental Analysis calcd. for (C1H19FsNO3): C (58.47), H (4.44), N
(3.25), found: C (58.17), H (4.47), N (3.23). UV-Vis Amax (DCM)/nm (log €): 245 (3.90). IR Vmax
(DCM)/cm™: 895, 922, 1136, 1183, 1245, 1420, 1476, 1609, 1762 (C=0).
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8.6 Synthesis of 3-(4-nitrophenyl)-5-(4-methylphenyl)oxazalidin-2-one (12)

The general procedure was followed by using aziridine 11 to obtain the product as a yellow
powder.

'H NMR (400 MHz, CDCl3) 6 8.29 (d, J = 9.2 Hz, 2H, Hq), 7.77 (d, J = 9.2 Hz, 2H, H.), 7.35 (d,
J=8.0Hz, 2H, H¢), 7.29 (d, J = 8.0 Hz, 2H, Hs), 5.71 (pst, J = 8.0 Hz, 1H, H.), 4.47 (pst, /= 8.8
Hz, 1H, Hp), 4.05 - 4.03 (m, 1H, Hy), 2.42 ppm (s, 3H, Hwe). *C NMR (100 MHz, CDCls) &
143.73 (C), 143.34 (C), 139.61 (C), 134.14 (C), 129.86 (two overlapping CH), 125.78 (two
overlapping CH), 125.00 (two overlapping CH), 117.53 (two overlapping CH), 74.41 (CH),
52.42 (CH,), 21.24 ppm (CHs). C=0 was not detected. LR-MS (ESI): m/z (C16H14N204) calcd
298.10, found [M+H]* 299.00. Elemental Analysis calcd. for (CigH1aN204): C (64.42), H
(4.73), N (9.39), found: C (64.04), H (4.77), N (9.33). UV-Vis Anax (DCM)/nm (log €): 320
(4.72). IR vmax (DCM)/ecm™:1113, 1143, 1311, 1331, 1393, 1422, 1503, 1519, 1598, 1764
(C=0).

8.7 Synthesis of 3-(3,5-bis-(trifluoromethyl)phenyl)-5-(4-

bromophenyl)oxazalidin-2-one (14)

O
CFy
oKX ¢
a N p

Br © CF3

The general procedure was followed by using aziridine 13 to obtain the product as a brown
solid.

'H NMR (400 MHz, CDCl3) § 8.04 (s, 2H, H. ), 7.65 (s, 1H, Ha), 7.60 - 7.57 (m, 2H, Hy), 7.31 (d,
J=8.4Hz, 2H, H.), 5.68 (pst, J = 8.0 Hz, 1H, H.), 4.48 (pst, J = 8.8 Hz, 1H, Hy), 3.99 ppm (dd,
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J=8.4,7.2 Hz, 1H, Hy). *C NMR (100 MHz, CDCl5) § 153.88 (C=0), 139.48 (C), 136.20 (C),
132.47 (q, J = 33.8 Hz, two overlapping CFs), 132.44 (two overlapping CH), 127.27 (two
overlapping CH), 124.34 (C), 123.64 (C), 121.63 (C), 117.62 (two overlapping CH), 117.43
(CH), 73.66 (CH), 52.16 ppm (CH,). **F NMR (376 MHz, CDCl3) § -62.95 ppm (s). LR-MS (ESI):
m/z (Ci7H10BrFeNO>) calcd 452.98, found [M+H]* 454.08. Elemental Analysis calcd. for
(C17H10BrFgNO>): C (44.96), H (2.22), N (3.08), found: C (44.74), H (2.26), N (3.05). UV-Vis
Amax (DCM)/nm (log €): 241 (4.04). IR Vmax (DCM)/cm™: 917, 1142, 1185, 1476, 1622, 1767
(C=0).

8.8 Synthesis of 3-(3,5-bis-(trifluoromethyl)phenyl)-5-(2,3,4,5,6-

pentafluorophenyl)oxazalidin-2-one (16)

0
CF;
F o4 ¢
F 2 N d
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The general procedure was followed by using aziridine 15 to obtain the product as a brown
oil.
'H NMR (400 MHz, CDCl3) & 8.06 (s, 2H, Hc), 7.69 (s, 1H, Hq), 6.06 (dd, J = 9.6, 7.2 Hz, 1H,
Ha), 4.55 (pst, J = 9.4 Hz, 1H, Hy), 4.24 - 4.20 ppm (m, 1H, Hy). **C NMR (100 MHz, CDCl;) &
152.91 (C=0), 139.09 (C), 132.98 (q, J = 33.6 Hz, two overlapping CF3), 124.30 (m, two
overlapping C-F), 121.58 (C-F), 117.70 (two overlapping CH), 112.79 (CH), 64.44 (CH),
49.71 ppm (CH,). Three quaternary carbons were not detected. **F NMR (282 MHz, CDCls)
6 -63.32 (s, 6F, Fcr3), -142.64 (d, J = 15.3 Hz, 2F, F,), -149.66 (t, / = 20.5 Hz, 1F,
Fo), -159.69 - -159.81 ppm (m, 2F, Fn). LR-MS (ESI): m/z (C17HeFsNO,) calcd 465.02, found
[M+H]* 466.11. Elemental Analysis calcd. for (C17HsFsNOz): C (43.89), H (1.30), N (3.01),
found: C (43.65), H (1.35), N (2.99). UV-Vis Amax (DCM)/nm (log €): 242 (3.68). IR Vmax
(DCM)/cm™: 1422, 1511, 1604, 1774 (C=0), 3057.
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8.9 Synthesis of 3-(4-tert-butylphenyl-5-(2,3,4,5,6-pentafluorophenyl)oxazalidin-
2-one (18)

O
- o
a N

b

F

The general procedure was followed by using aziridine 17 to obtain the product as a brown
oil.

'H NMR (300 MHz, CDCls) & 7.49 - 7.41 (m, 4H, Ha:), 5.97 (dd, J = 9.6, 6.9 Hz, 1H, H,), 4.44
(pst, J=9.3 Hz, 1H, Hy), 4.15- 4.09 (m, 1H, Hy), 1.33 ppm (s, 9H, Hsu). *C NMR (75 MHz,
CDCl3) 6 154.04 (C=0), 148.27 (C), 144.24 (C), 135.36 (C), 126.52 (two overlapping CH),
118.96 (two overlapping CH), 64.65 (CH), 50.69 (CH,), 34.79 (C), 31.69 ppm (three
overlapping CHs). Five C-F quaternary carbons were not detected. °F NMR (282 MHz,
CDCl3) & -142.65 (dd, J = 21.9, 10.1 Hz, 1F, F,), -150.95 (pst, J = 20.5 Hz, 1F,
Fo), -160.42 - -160.56 ppm (m, 1F, Fn). LR-MS (ESI): m/z (C1sH16FsNO;) calcd 385.11, found
[M+Na]*408.22. Elemental Analysis calcd. for (C;7HsFsNO3): C (59.22), H (4.19), N (3.64),
found: C (58.88), H (4.23), N (3.61). UV-Vis Amax (DCM)/nm (log €): 240 (4.26). IR Vmax
(DCM)/cm™: 978, 1135, 1230, 1308, 1379, 1511, 1765 (C=0).

8.10 Synthesis of 3-(4-methoxyphenyl)-5-phenyloxazalidin-2-one (20)
@)
o4 ‘
a N

@OMe
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C

The general procedure was followed by using aziridine 19 to obtain the product as a reddish
oil.

'H NMR (300 MHz, CDCl3) 6 7.47 - 7.41 (m, 7H, Har), 6.92 (d, J = 9.0 Hz, 2H, H.), 5.66-5.60
(m, 1H, Ha), 4.35 (pst, J = 8.8 Hz, 1H, Hy), 3.96 - 3.90 (m, 1H, Hy), 3.80 ppm (s, 3H, Home).

188



Chapter IV: Experimental Section

13C NMR (75 MHz, CDCl3) 6§ 156.91 (C), 155.41 (C=0), 138.69 (C), 131.75 (C), 129.43 (three
overlapping CH), 126.06 (two overlapping CH), 120.77 (two overlapping CH), 114.76 (two
overlapping CH), 74.40 (CH), 55.92 (CH,), 53.65 ppm (CHs). LR-MS (ESI): m/z (C16H1sNO3)
caled 269.11, found [M+H]* 269.95. Elemental Analysis calcd. for (Ci16H1sNOs): C (71.36), H
(5.61), N (5.20), found: C (71.00), H (5.64), N (5.17). UV-Vis Anax (DCM)/nm (log €): 244
(3.97). IR Vmax (DCM)/cm™: 1420, 1514, 1647, 1754 (C=0).

8.11 Synthesis of 3-(4-tert-butylphenyl)-5-phenyloxazalidin-2-one (22)
O

o<
a N

b

The general procedure was followed by using aziridine 21 to obtain the product as a brown
oil.

'H NMR (400 MHz, CDCls) & 7.49 - 7.39 (m, 9H, Ha), 5.63 (dd, J = 8.4, 7.2 Hz, 1H, H,), 4.37
(pst, J = 8.8 Hz 1H, Hy), 3.97 - 3.93 (m, 1H, Hy), 1.31 ppm (s, 9H, Hsu). *C NMR (100 MHz,
CDCl3) 6 154.85 (C=0), 147.26 (C), 138.26 (C), 135.55 (C), 129.10 (two overlapping CH),
129.05 (two overlapping CH), 125.99 (two overlapping CH), 125.71 (CH), 118.19 (two
overlapping CH), 74.07 (CH), 52.84 (CHz), 34.36 (C), 31.34 (three overlapping CHs). LR-MS
(ESI): m/z (C19H2:NO>) calcd 295.16, found [M+H]* 296.07. Elemental Analysis calcd. for
(C19H2:NOy): C (77.26), H (7.17), N (4.74), found: C (76.92), H (7.19), N (4.72). UV-Vis Anax
(DCM)/nm (log €): 241 (4.19). IR Vmax (DCM)/cm™: 906, 915, 1276, 1420, 1518, 1756 (C=0).

8.12 Synthesis of 3-(4-bromophenyl)-5-phenyloxazalidin-2-one (24)
@)

o<
a N

p
b
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The general procedure was followed by using aziridine 23 to obtain the product as a brown
oil.

'H NMR (300 MHz, CDCl3) & 7.51 - 7.39 (m, 9H, Ha/), 5.65 (pst, J = 8.1 Hz, 1H, H.), 4.35 (pst,
J =8.7 Hz, 1H, Hy), 3.93 ppm (pst, J = 7.8 Hz, 1H, Hy). *C NMR (75 MHz, CDCl3) § 154.86
(C=0), 138.24 (C), 137.69 (C), 132.47 (two overlapping CH), 129.64 (CH), 129.56 (CH),
129.51 (CH) 126.05 (two overlapping CH), 120.15 (two overlapping CH), 117.43 (C), 74.46
(CH), 52.96 ppm (CH.). LR-MS (ESI): m/z (C1sH12BrNO>) calcd 317.01, found [M+H]*318.30.
Elemental Analysis calcd. for (C1sH12BrNO3): C (56.62), H (3.80), N (4.40), found: C (56.31),
H (3.86), N (4.38). UV-Vis Amax (DCM)/nm (log €): 247 (4.28). IR Vmax (DCM)/cm™: 1077, 1140,
1369, 1397, 1418, 1493, 1758 (C=0).

8.13 Synthesis of 3-(4-clorophenyl)-5-phenyloxazalidin-2-one (26)

O
o4
a N

N )

The general procedure was followed by using aziridine 25 to obtain the product as a brown
oil.

'H NMR (300 MHz, CDCl3) 6 7.52 - 7.33 (m, 9H, Ha), 5.65 (pst, J = 8.7 Hz 1H, H.), 4.36 (pst,
J=8.8 Hz, 1H, Hyp), 3.94 ppm (dd, J = 8.7, 7.5 Hz, 1H, Hy). *C NMR (75 MHz, CDCl;) § 154.91
(C=0), 138.26 (C), 137.17 (C), 129.63 (CH), 129.53 (two overlapping CH), 129.51 (two
overlapping CH), 126.04 (two overlapping CH), 119.83(two overlapping CH), 74.45 (CH),
53.04 ppm (CH,). One quaternary carbon was not detected. LR-MS (ESI): m/z (C15H1,CINO>)
caled 273.06, found [M+H]* 274.27. Elemental Analysis calcd. for (CisH1,CINO3): C (65.82),
H (4.42), N (5.12), found: C (65.46), H (4.46), N (5.09). UV-Vis Amax (DCM)/nm (log €): 245
(4.16). IR Vmax (DCM)/cm™: 1096, 1142, 1223, 1368, 1398, 1420, 1496, 1599, 1758 (C=0).
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8.14 Synthesis of 3-(2-nitrophenyl)-5-phenyloxazalidin-2-one (28)
O
oA \
a N
b
O,N ¢
The general procedure was followed by using aziridine 27 to obtain the product as a yellow
oil.
'H NMR (300 MHz, CDCl3) & 8.05 (dd, J = 8.1, 1.5 Hz, 1H, H.), 7.67 - 7.64 (m, 1H, Hg),
7.52-7.41 (m, 7H, Ha/), 5.76 (pst, J = 8.2 Hz, 1H, H,), 4.39 (pst, J = 8.6 Hz, 1H, Hyp), 4.01 ppm
(pst, J = 8.1 Hz, 1H, Hy). *C NMR (75 MHz, CDCl;) 6 137.92 (C), 134.34 (CH), 131.71 (C),
129.71 (CH), 129.48 (two overlapping CH), 128.56 (CH), 128.33 (CH), 126.43 (two
overlapping CH), 76.25 (CH), 55.20 ppm (CHz). Two quaternary carbons were not detected.
LR-MS (ESI): m/z (CisH12N204) calcd 284.08, found [M+Na]* 307.08. Elemental Analysis
calcd. for (Ci5sH1,N204): C (63.38), H (4.25), N (9.85), found: C (63.04), H (4.29), N (9.80).

UV-Vis Amax (DCM)/nm (log €): 231 (3.75). IR Vmax (DCM)/cm™: 1015, 1095, 1276, 1422, 1535,
1607, 1765 (C=0).

8.15 Synthesis of 3-(3,5-diclorophenyl)-5-phenyloxazalidin-2-one (31)

: Cl
C
a 4N

d

b
c

Cl

The general procedure was followed by using aziridine 30 to obtain the product as a brown
oil.

'H NMR (300 MHz, CDCl3) § 7.52 (d, J = 1.5 Hz, 2H, Hc), 7.44 - 7.42 (m, 5H, Hpp),7.14 - 7.13
(m, 1H, Hq), 5.66 (pst, J = 8.0 Hz, 1H, H.), 4.35 (pst, J = 8.8 Hz, 1H, Hy), 3.92 ppm (dd, / = 8.7,
7.5 Hz, 1H, Hy). *C NMR (75 MHz, CDCl3) & 154.47 (C=0), 140.35 (C), 137.84 (C), 135.95
(two overlapping C), 129.79 (CH), 129.58 (two overlapping CH), 126.01 (two overlapping
CH), 124.42 (CH), 116.76 (two overlapping CH), 74.56 (CH), 52.81 ppm (CH;). LR-MS (ESI):
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m/z (CisH12CI:NO;) caled 307.02, found [M+Na]* 330.30. Elemental Analysis calcd. for
(C15H12CINO,): C (58.46), H (3.60), N (4.55), found: C (58.12), H (3.64), N (4.51). UV-Vis Amax
(DCM)/nm (log €): 245 (3.16). IR vmax (DCM)/cm™: 1148, 1208, 1366, 1392, 1426, 1455,
1569, 1493, 1763 (C=0).

8.16 Synthesis of 3-(3,5-dinitrophenyl-5-phenyloxazalidin-2-one (33)

NO
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The general procedure was followed by using aziridine 32 to obtain the product as a yellow
powder.

'H NMR (400 MHz, CDCl;) 6 8.81 - 8.80 (m, 3H, Hc.qd), 7.50 - 7.43 (m, 5H, Hpn), 5.79 (pst,
J=8.0 Hz, 1H, H,), 4.55 (pst, J = 8.8 Hz, 1H, Hy), 4.13 - 4.08 ppm (m, 1H, Hy). **C NMR (100
MHz, CDCls) 6 140.55 (C), 136.70 (C), 129.75 (CH), 129.35 (two overlapping CH), 125.58
(two overlapping CH), 117.30 (two overlapping CH), 113.72 (C), 113.32 (CH) 107.80 (C),
74.54 (CH), 52.40 ppm (CH>). C=0 was not detected. LR-MS (ESI): m/z (C1sH12N30Og) calcd
329.06, found [M+H]* 329.94. Elemental Analysis calcd. for (CisH12N204): C (54.72), H
(3.37), N (12.76), found: C (54.47), H (3.40), N (12.70). UV-Vis Anax (DCM)/nm (log €): 232
(4.34). IR Vmax (DCM)/cm™: 1158, 1206, 1347, 1395, 1423, 1478, 1547, 1768 (C=0).

8.17 Synthesis of 3-(3,5-bis-(trifluoromethyl)phenyl)-4-methyl-5-

phenyloxazalidin-2-one (35)
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The general procedure was followed by using aziridine 33 to obtain the product as a brown

solid.

192



Chapter IV: Experimental Section

'H NMR (300 MHz, CDCl3) 6 7.92 (s, 2H, Hc), 7.68 (s, 1H, Hq), 7.47 - 7.40 (m, 5H, Hpn), 5.19
(d,J=6.3Hz, 1H, Ha), 4.41 (psp, J = 6.1 Hz, 1H, Ho), 1.51 ppm (d, J = 6.3 Hz, 3H, Hye). 23C NMR
(75 MHz, CDCl5) 6 154.85 (C=0), 138.87 (C), 137.29 (C), 133.06 (g, J = 33.7 Hz, two
overlapping CFs), 129.94 (CH), 129.63 (CH), 126.29 (CH), 126.09 (CH), 125.17 (C), 121.56
(C), 121.20(CH), 118.61 (CH), 82.57 (CH), 60.13 (CH), 18.23 (CHs). *>F NMR (276 MHz, CDCls)
6 -63.27 ppm (s). LR-MS (ESI): m/z (CigH13FsNO>) calcd 389.09, found [M+H]* 390.12.
Elemental Analysis calcd. for (CigH13FsNO>): C (55.53), H (3.37), N (3.60), found: C (55.32),
H (3.40), N (3.57). UV-Vis Amax (DCM)/nm (log €): 244 (3.87). IR Vmax (DCM)/cm™: 1158, 1206,
1347, 1395, 1423, 1478, 1547, 1768 (C=0).

8.18 Synthesis of 3-(4-tert-butylphenyl)-4-methyl-5-phenyloxazalidin-2-one (37)
@)
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The general procedure was followed by using aziridine 36 to obtain the product as a brown
oil.

'H NMR (400 MHz, CDCls) 6 7.44 - 7.40 (m, 7H, Ha/), 7.30 (d, J = 8.8 Hz, 2H, H.), 5.11 (d,
J=6.8 Hz, 1H, H.), 4.27 (psp, / = 6.4 Hz, 1H, Hy), 1.42 (d, J = 6.0 Hz, 3H, Hwe), 1.32 (s, 9H,
Hteu). 3C NMR (100 MHz, CDCl3) § 129.11 (CH), 129.01 (two overlapping CH), 126.11 (two
overlapping CH), 125.86 (two overlapping CH), 122.23(two overlapping CH), 82.19 (CH),
60.55 (CH), 31.32 (three overlapping CHs), 18.11 (CHs). Quaternary carbons were not
detected. LR-MS (ESI): m/z (Ca0H23NO,) caled 309.17, found [M+H]* 310.00. Elemental
Analysis calcd. for (CyH26NO,): C (77.64), H (7.49), N (4.23), found: C (77.82), H (7.86),
N (4.02). UV-Vis Amax (DCM)/nm (log €): 240 (4.30). IR Vmax (DCM)/cm™: 1369, 1394, 1519,
1607, 1753 (C=0).
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8.19 Synthesis of 3-(3-methoxyphenyl)-5-(4-fluorophenyl)oxazalidin-2-one (41)

by the tandem procedure

8.19.1 Synthesis of 1-(3-methoxyphenyl)-2-(4-fluorophenyl) aziridine

d
e OMe

The product was obtained by refluxing 3-methoxyphenylazide and 4-fluorostyrene for
72 hours (Yield: 37 %).

'H NMR (400 MHz, CDCls) & 7.35 (m, 2H, Hp), 7.17 (pst, J = 8.0 Hz, 1H, He), 7.05 (m, 2H, Hy),
6.73 - 6.63 (m, 1H, H¢), 6.61 (s, 1H, Hc), 6.59 - 6.53 (m, 1H, Ha), 3.79 (s, 3H, Howme), 3.10 (dd,
J=6.3,3.3 Hz, 1H, H.), 2.46 (psd, J = 6.4 Hz, 1H, Hy), 2.35 ppm (psd, J = 3.2 Hz, 1H, Hy).

8.19.2 Synthesis of 3-(3-methoxyphenyl)-5-(4-fluorophenyl)oxazalidin-2-one (41)

The product was prepared from 1-(3-methoxyphenyl)-2-phenyl aziridine by using the
reaction crude following the general procedure (Yield: 35%). The aziridine amount was
determined by *H NMR on a fraction of the reaction mixture using 2,4-dinitrotoluene as the
internal standard. The collected analytical data were in accordance with those reported in
literature.?®®

'H NMR (400 MHz, CDCl5) § 7.43 - 7.40 (m, 2H, Hy), 7.30 - 7.27 (m, 2H, Hg), 7.15 - 7.13 (m,
2H, Hess), 7.03 (ddd, J = 8.3, 2.2, 0.8 Hz, 1H, H.), 6.71 (ddd, J = 8.4, 2.5, 0.8 Hz, 1H, Hg), 5.61
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(pst, J = 8.0 Hz, 1H, H.), 4.36 (pst, J = 8.8 Hz, 1H, Hp), 3.92 (dd, J = 8.8, 7.6 Hz, 1H, Hy), 3.83

ppm (s, 1H, Howme).
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1. !H, 3Cand °F NMR spectra of unreported N-aryl oxazolidinones

Compound (4a): *H NMR (400 MHz, CDCls)
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Compound (4a): °F NMR (376 MHz, CDCls)
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Compound (6a): *C NMR (100 MHz, CDCls)
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Compound (8a): *C NMR (75 MHz, CDCls)
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Compound (10a): *H NMR (300 MHz, CDCls)
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Compound (10a): *°F NMR (282 MHz,
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Compound (12a): **C NMR (100 MHz, CDCls)
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Compound (14a): **C NMR (100 MHz, CDCls)
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Compound (16a): *H NMR (400 MHz, CDCls)
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Compound (16a): *°F NMR (376 MHz, CDCls)
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Compound (18a): *C NMR (75 MHz, CDCls)
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Compound (20a): *H NMR (300 MHz, CDCls)
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Compound (22a): *H NMR (400 MHz, CDCls)
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Compound (24a): '*H NMR (300 MHz, CDCls)
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Compound (28a): *H NMR (300 MHz, CDCls)
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Compound (31a): *H NMR (300 MHz, CDCls)
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Compound (33a): 'H NMR (400 MHz, CDCls)

8815
8810
8.806
8.801
8.7%
4571
4549

N\ as27
4125
4.107
4.104
4.085

s
5766
£

5.806
5.786

{

NO,

codl, NO,

B

{190

(180

170

f-160

150

{-140

(130

120

110

{-100

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
94 92 9.0 88 86 84 82 80 78 76 74 72 7.0 68 66 6,? (6.2 )6.0 58 56 54 52 50 48 46 44 4.2 4.0 38 3.6 34 3.2
1 (ppm

Compound (33a): **C NMR (100 MHz, CDCls)

— 14055
— 13670
12975
L2035
— 12558
— 11730
1372
REETEE
107.80
52.40

— 7454

NO,
cDel,

NO,

{-600000

{-550000

f-500000

(-450000

{-400000

(350000

f-300000

{-250000

{-200000

f-150000

{~100000

{-50000

f--50000

T
100 95 9 8 80 75 70
f1 (ppm)

T T T T T T T T T T T
60 155 150 145 140 135 130 125 120 115 110 105

213



Chapter IV: Experimental Section

Compound (35a): *H NMR (300 MHz, CDCls)
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Compound (35a): *°F NMR (282 MHz, CDCls)

(16000

63270

| 15000
14000
- 13000
I 12000
CF3 11000

oA
N\Q - 10000
Me

CF3 -9000

(8000
f-7000
(6000
{-5000
{4000
f-3000

{~2000

% {-1000
n -0

f--1000

63 64
f1 (ppm)

Compound (37a): *H NMR (400 MHz, CDCls)

7.442
7.438
7.430
7.418
7412
739
7307
7.285

_-5114

Ls097

_- 1430

1415

1315

600
| ss0
i T [ 500

450
/« . 400
O e

N .
Me :

f-300
cDCl, o0

{-250

{-200
150

y 100

IL Ill ﬂ Water t I

f--50

T T T T T T T T T T T T T T T
8.0 7.5 7.0 6.5 6.0 5.5 4.5
f1 (ppm)

215



Chapter IV: Experimental Section

Compound (37a): **C NMR (100 MHz, CDCls)
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9 Carbon dioxide cycloaddition to N-alkyl aziridines

9.1 General procedure

a) General procedure for homogenous catalysts: meso-tetraphenylporphyrin (2.3 mg,
3.75 x 10°® mol), tetrabutyl ammonium chloride (2.6 mg, 1.88 x 10° mol) and the aziridine
(3.75 x 10* mol) were dissolved in THF (0.25 mL) in a 2 mL glass liner equipped with a screw
cap and glass wool. The vessel was transferred into a stainless-steel autoclave under
nitrogen atmosphere and three vacuum-nitrogen cycles were performed. 1.2 MPa of CO;
was charged at room temperature and the autoclave was placed in a preheated oil bath at
125 °C and stirred for 8 h. Then, the autoclave was cooled at room temperature and slowly
vented. The solvent was evaporated to dryness and the crude analyzed by 'H NMR
spectroscopy by using 2,4-dinitrotoluene as the internal standard. The product was purified
by flash chromatography (silica gel, hexane/ethyl acetate 9:1).

b) General procedure for heterogeneous catalysts: TPPH,@SBA-15 (3.75 x 10° mol),
tetrabutyl ammonium iodide (6.9 mg, 1.88 x 10 mol) and the aziridine (9.38 x 10 mol)
were dissolved in THF (0.25 mL) in a 3 mL glass liner equipped with a screw cap and glass
wool. The vessel was transferred into a stainless-steel autoclave under nitrogen
atmosphere and three vacuum-nitrogen cycles were performed. 1.2 MPa of CO, was
charged at room temperature and the autoclave was placed in a preheated oil bath at
125 °Cand stirred for 16 h. Then, the autoclave was cooled at room temperature and slowly
vented. The solvent was evaporated to dryness and the crude analyzed by 'H NMR
spectroscopy by using 2,4-dinitrotoluene as the internal standard.

c) Recycling of the heterogeneous catalyst: the procedure b was applied and at the end of
the reaction the catalyst was collected in a filter, washed with DCM, and dried in the oven.

Then, the so-isolated catalyst was used for the next reaction cycle.
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9.2 Synthesis of 3-normalbutyl-5-phenyl oxazolidine-2-one (43)
@) f
d
0/4 \/\{
a N
Cc
b

The general procedure was followed by using aziridine 42 to obtain the product as a light-
brown oil. The collected analytical data are in accordance with those reported in
literature.*

'H NMR (300 MHz, CDCls) & 7.41 - 7.34 (m, 5H, Hpp), 5.48 (dd, J = 8.8, 7.4 Hz, 1H, H,), 3.91
(pt, /=8.7 Hz, 1H, Hy), 3.42 (dd, J = 8.7, 7.4 Hz, 1H, Hy), 3.36 - 3.21 (m, 2H, H.), 1.59 - 1.49
(m, 2H, Hq), 1.41 - 1.29 (m, 2H, He), 0.94 ppm (t, J = 7.3 Hz, 3H, Hs).

9.3 Synthesis of 3-isobutyl-5-phenyl oxazolidine-2-one (50)
@)
d
oA M-
a N
Cc
b

The general procedure was followed by using aziridine 72 to obtain the product as a yellow
oil. The collected analytical data are in accordance with those reported in literature.?®

H NMR (300 MHz, CDCls) 6 7.40 - 7.32 (m, 5H, Hen), 5.46 (dd, J = 8.8, 7.3 Hz, 1H, H.) 3.90
(pt, /= 8.8 Hz, 1H, Hy), 3.40 (dd, J = 8.8, 7.3 Hz, 1H, Hy), 3.15 - 3.01 (m, 2H, H.), 1.91 - 1.82
(m, 1H, Hq), 0.92 (d, J = 4.9 Hz, 3H, Hcus), 0.90 ppm (d, J = 5.0 Hz, 3H, Hcxs).

9.4 Synthesis of 3-tertbutyl-5-phenyl oxazolidine-2-one (51)
@)

Sha
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The general procedure was followed by using aziridine 75 to obtain the product as a light-
yellow oil. The collected analytical data are in accordance with those reported in
literature.®®

'H NMR (300 MHz, CDCl3) 6 7.32 - 7.41 (m, 5H, Hpy), 5.36 (pt, J = 8.1 Hz, 1H, H,), 3.95 (pt,
J=8.7 Hz, 1H, H,), 3.45 (pt, J = 8.4 Hz, 1H, Hy/), 1.41 ppm (s, 9H, Hy.).

9.5 Synthesis of 3-isoamyl-5-phenyl oxazolidine-2-one (52)
@)
d
o~ \/\é
a N
Cc
b

The general procedure was followed by using aziridine 82 to obtain the product as a light-
brown oil. The collected analytical data are in accordance with those reported in
literature.*

'H NMR (400 MHz, CDCI3) § 7.43 - 7.32 (m, 5H, Hpn), 5.47 (pt, J = 8.1 Hz, 1H, Ha), 3.90 (pt,
J=8.7 Hz, 1H, Hy), 3.41 (pt, /= 8.0, 1H, Hy), 3.37 - 3.20 (m, 2H, H¢), 1.66 - 1.54 (m, 1H, He),
1.49 - 1.39 (m, 2H, Hg), 0.94 (d, J = 3.3 Hz, 3H, Hcws), 0.92 ppm (d, J = 3.4 Hz, 3H, Hcus).

9.6 Synthesis of 3-cyclopentyl-5-phenyl oxazolidine-2-one (53)

oA
LN

b
The general procedure was followed by using aziridine 76 to obtain the product as a brown
oil. The collected analytical data are in accordance with those reported in literature.?*®
'H NMR (400 MHz, CDCl5) & 7.41 - 7.25 (m, 5H, Hpn), 5.48 (dd, J = 8.7, 7.5 Hz, 1H, H.),
4.33-4.27 (m, 1H, Hc), 3.91 - 3.86 (m, 1H, Hy), 3.40 (dd, J = 8.7, 7.5 Hz, 1H, Hy), 1.95 - 1.86
(m, 2H, Heyciopentyl), 1.70 - 1.46 ppm (m, 6H, Heyclopentyi)-
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9.7 Synthesis of 3-isobutyl-5-phenyl oxazolidine-2-one (54)

oA
LN~ )

b
The general procedure was followed by using aziridine 77 to obtain the product as a brown
oil. The collected analytical data are in accordance with those reported in literature.®®
'H NMR (300 MHz, CDCl3) 6 7.39 - 7.25 (m, 5H, Hpy), 5.45 (pt, J = 8.4 Hz, 1H, H.), 3.92 - 3.84
(m, 1H, Hp), 3.70 - 3.73 (m, 1H, H¢), 3.39 (dd, J = 8.6, 7.4 Hz, 1H, Hy), 1.88 - 0.93 ppm (m,
10H, Heycionexyl)-

9.8 Synthesis of 3-benzyl-5-phenyl oxazolidine-2-one (55)
@)
o
a N
C
b

The general procedure was followed by using aziridine 80 to obtain the product as a pale-
yellow oil. The collected analytical data are in accordance with those reported in
literature.*

'H NMR (400 MHz, CDCl;5) & 7.38 - 7.28 (m, 10H, Ha/), 5.47 (dd, J = 8.7, 7.6 Hz, 1H, H.), 4.55
(d, J=14.8 Hz, 1H, H.), 4.40 (d, J = 14.9 Hz, 1H, H¢), 3.76 (pt, J = 8.8 Hz, 1H, Hy), 3.31 ppm
(dd, J=8.7, 7.5 Hz, 1H, Hy).
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9.9 Synthesis of 3-(4-methoxy)benzyl-5-phenyl oxazolidine-2-one (56)
. OMe
O d
e
0//<N d
[}

The general procedure was followed by using aziridine 81 to obtain the product as a pale-

yellow oil. The collected analytical data are in accordance with those reported in
literature.?’

'H NMR (400 MHz, CDCls) & 7.38 - 7.32 (m, 3H, Hg.), 7.31 - 7.28 (m, 2H, Hy), 7.21 (d,
J=8.6 Hz, 2H, H.), 6.87 (d, J = 8.6 Hz, 2H, Hq), 5.45 (pt, /= 8.2 Hz, 1H, H.), 4.47 (d, /= 14.7 Hz,
1H, H¢), 4.35 (d, J = 14.7 Hz, 1H, H¢), 3.80 (s, 3H, Hocns), 3.74 (pt, J = 8.8 Hz, 1H, Hyp), 3.28 ppm
(dd, J=8.7, 7.6 Hz, 1H, Hy).

9.10 Synthesis of 3-secbutyl-5-phenyl oxazolidine-2-one (74)

@)
0/4N3<e\ f
a *

b d

The general procedure was followed by using aziridine 73 to obtain the product as a
yellowish oil.

'H NMR (400 MHz, CDCl;) § 7.43 - 7.30 (m, 5H, Hpn), 5.47 (m, 1H, Ha.), 3.95 - 3.83 (m, 2H,
Hyc), 3.78 - 3.76 and 3.36 - 3.27 (m, 1H, Hy) 1.58 - 1.39 (m, 2H, He), 1.18 and 1.13 (d, J
= 6.8 Hz, 3H, Hq), 0.94 and 0.85 ppm (t, J = 7.4 Hz, 3H, Hy). *C NMR (101 MHz, CDCl3) §
157.62 (C), 139.31 and 138.98 (C), 128.90 (CH), 128.70 (CH), 125.51 (CH), 74.60 and 74.42
(CH), 50.71 and 50.62 (CH), 47.42 (CH,), 27.25 and 27.00 (CH,), 18.01 and 17.62 (CH3), 11.00
and 10.88 ppm (CHs). Elemental Analysis calcd. for C13H17NO;: C (71.21), H (7.81), N (6.39),
found: C (71.02), H (8.01), N (6.28). LR-MS (ESI): m/z (C13H17NO;) calcd 219.13, found
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[M+Na]* 242.26. UV-Vis Amax (DCM)/nm (log €): 229 (2.61). IR vmax (DCM)/cm™: 935, 951,
991, 1014, 1359, 1505, 1539, 1557, 1748 (C=0).

9.11 Synthesis of 3-cyclohexylmethyl-5-phenyl oxazolidine-2-one (79)
@)
o<
a N
C
b

The general procedure was followed by using aziridine 78 to obtain the product as a
yellowish oil. The collected analytical data are in accordance with those reported in
literature.?®®

'H NMR (400 MHz, CDCls): 6 7.41 - 7.34 (m, 5H, Hen), 5.49 (pt, J = 8.2 Hz, 1H, Ha), 3.91 (pt,
J=8.8Hz, 1H, Hy), 3.42 (dd, J = 8.7, 7.6 Hz, 1H, Hy), 3.22 - 3.03 (m, 2H, H¢), 1.77 - 1.54 (m,
6H, Heyclohexyt), 1.25 - 1.13 (m, 3H, Heyclohexyt), 1.04 - 0.91 ppm (m, 2H, Heyclohexyl)-
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10 H and *3C NMR spectra of unreported N-alkyl oxazolidinones

Compound (74a): ‘*H NMR (300 MHz, CDCls)
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11. Carbon dioxide cycloaddition to epoxides

11.1 General procedure

a) General procedure for homogenous catalysts: meso-tetraphenylporphyrin (0.64 mg,
1.12 x 10® mol) and tetrabutyl ammonium chloride (0.29 mg, 1.12 x 10° mol) were
dissolved in the epoxide (2.18 x 10 mol) in a 2 mL glass liner equipped with a screw cap
and glass wool. The vessel was transferred into a stainless-steel autoclave and three
vacuum-carbon dioxide cycles were performed. 0.6 MPa of CO, was charged at room
temperature and the autoclave heated to 150 °C and stirred for 2 h. Then, the autoclave
was cooled at room temperature and slowly vented. The solvent was evaporated to
dryness and the crude analyzed by *H NMR spectroscopy by using 2,4-dibromomesitylene
as the internal standard

b) General procedure for heterogeneous catalysts: TPPH,@SBA-15 (5.50 mg,
1.12x 10® mol) and tetrabutyl ammonium iodide (0.41 mg, 1.12 x 10° mol) were
suspended in the epoxide (2.18 x 102 mol) in a 2 mL glass liner equipped with a screw cap
and glass wool. The vessel was transferred into a stainless-steel autoclave and three
vacuum-carbon dioxide cycles were performed. 0.6 MPa of CO, was charged at room
temperature and the autoclave heated to 150 °C and stirred for 2 h. Then, the autoclave
was cooled at room temperature and slowly vented. The solvent was evaporated to
dryness and the crude analyzed by *H NMR spectroscopy by using 2,4-dibromomesitylene

as the internal standard

11.1.2 Optimization of the catalytic conditions in homogeneous phase: the above general
procedure was repeated using styrene oxide by varying the following experimental
conditions:

a) The reaction time at 1.2 MPa CO, and 125 °C, TPPH,/TBACI/SO: 1/5/10000

t=1.50h, 6% yield; t=1.75 h, 14% yield; t = 2.00, 33% yield; t =3.00 h, 36 % yield; t = 4.00 h,
35% yield; t = 6.00 h, 34% yield.

b) The temperature at 1.2 MPa, TPPH,/TBACI/SO: 1/5/10000 for 1.50 h
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T=80°C, 1% yield; T=100 °C, 2% yield; T =125 °C, 6% yield; T = 150 °C, 14%yield; T = 175 °C,
13% vyield.

c) The TPPH,/TBACI/SO ratio at 1.2 MPa CO,, 125 °C for 1.5 h

TPPH,/TBACI/SO: 1/5/10000, 6% yield; TPPH,/TBACI/SO: 2/5/1000, 6% yield;
TPPH,/TBACI/SO: 3/5/10000, 10% vyield; TPPH,/TBACI/SO: 4/5/1000, 11% vyield;
TPPH,/TBACI/SO: 5/5/10000, 12% yield.

d) The reaction time at 1.2 MPa CO, and 150 °C, TPPH,/TBACI/SO: 5/5/10000

t=1h, 18% yield; t =2 h, 29% yield; t = 3 h, 29% vyield.

e) The CO; pressure at TPPH,/TBACI/SO: 5/5/1000, 150 °C for 1.h

Pcoz = 0.2 MPa, 16% vyield; Pco; = 0.3 MPa, 18% vyield; Pcoz = 0.6 MPa, 20% vyield;
Pcoz = 0.9 MPa, 19% vyield; Pco2 = 1.2 MPa, 18% vyield.

11.2 Synthesis of 4-phenyl-1,3-dioxolan-2-one (60)

O

o

a @)
b

The product was obtained from styrene oxide by following the general procedure. The
collected analytical data are in accordance with those reported in literature.?®

'H NMR (300 MHz, CDCls): & 7.47 - 7.34 (m, 5H, Hen), 5.67 (pt, J = 8.0 Hz, 1H, Ha), 4.79 (pt,
J=8.4Hz, 1H, Hy), 4.33 ppm (pt, J = 8.0 Hz, 1H, Hy).

11.3 Synthesis of 4-(methoxymethyl)-1,3-dioxolan-2-one (61)

O
o
/O\a/K/O

d c b

The product was obtained from methyl glycidyl ether by following the general procedure.
The collected analytical data are in accordance with those reported in literature.”®

'H NMR (400 MHz, CDCl5): 6 4.81 - 4.74 (m, 1H, Ha), 4.49 (pt, J = 8.4 Hz, 1H, Hy), 4.37 (dd,

J=6.1; 8.4 Hz, 1H, Hy), 3.52 - 3.60 (m, 2H, He), 3.43 ppm (s, 3H, Ha).
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11.4 Synthesis of 4-phenyl-1,3-dioxolan-2-one (62)

o

a b P

c b
The product was obtained from epichlorohydrin by following the general procedure. The
collected analytical data are in accordance with those reported in literature.?®
'H NMR (400 MHz, CDCl3): 6 5.09 - 4.89 (m, 1H, Ha), 4.61 (t, J = 8.5 Hz, 1H, Hy), 4.45 - 4.38
(m, 1H, Hy), 3.75 ppm (d, J =5.1, 2H, H.).

11.5 Synthesis of 4-butyl-1,3-dioxolan-2-one (63)

O
.ok
AP

e c b
The product was obtained from 1-hexene oxide by following the general procedure. The
collected analytical data are in accordance with those reported in literature.”
'H NMR (400 MHz, CDCls): 6 4.76 - 4.60 (m, 1H, H.), 4.52 (dd, J = 7.8; 8.4 Hz, 1H, Hy), 4.06
(pt, J = 8.4 Hz, 1H, Hy)1.88 - 1.64 (m, 2H, H), 1.50 - 1.24 (m, 4H, Hq + H.), 0.92 ppm (t,
J=7.0Hz, 3H, Hy).

11.6 Synthesis of 4-ethyl-1,3-dioxolan-2-one (64)

O
o~
d \a/[\/O
c b
The product was obtained from 1-butene oxide by following the general procedure. The
collected analytical data are in accordance with those reported in literature.?®

'H NMR (400 MHz, CDCl3): 6 4.66 - 4.60 (m, 1H, Ha), 4.46 (pt, J = 8.2 Hz, 1H, Hy), 3.98 (pt,
J=8.0Hz, 1H, Hy), 1.60 - 1.66 (m, 2H, Hc), 0.97 ppm (t, J = 7.4 Hz, 3H, Hq).
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11.7 Synthesis of 4,4-dimethyl-1,3-dioxolan-2-one (65)

O
a>0(1<0
a b
The product was obtained from 2,2-dimethyl oxirane by following the general procedure.

The collected analytical data are in accordance with those reported in literature.??

'H NMR (400 MHz, CDCls): 6 4.13 (s, 2H, Hp), 1.91 ppm (s, 6H, Ha).

11.8 Synthesis of tetrahydro-4H-cyclopenta[d][1,3]dioxol-2-one (66)

O

o4
a @)
b a

b
[

The product was obtained from cyclopentene oxide by following the general procedure.
The collected analytical data are in accordance with those reported in literature.??

'H NMR (400 MHz, CDCl3): § 5.13 - 5.09 (m, 2H, Ha), 2.24 - 2.08 (m, 2H, Hc), 1.86 - 1.56 ppm
(m, 4H, Hy).

11.9 Synthesis of hexahydrobenzo[d][1,3]dioxol-2-one (67)

O
o«
a @)
a
The product was obtained from cyclohexene oxide by following the general procedure. The
collected analytical data are in accordance with those reported in literature.?®

'H NMR (300 MHz, CDCl3): & 4.69 - 4.64 (m, 2H, H.), 1.91 - 1.79 (m, 2H, Heyciohexene),
1.72-1.33 ppm (m, 6H, Hcyclohexene)'
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Summary

Summary

Chapter I: Introduction

The human influence in the raise of the atmospheric concentration of carbon dioxide
registered in the last decades up to the actual alarming situation is clear. The most evident
consequence is the global warming, but this is only one of the problems correlated to
emissions of greenhouse gases. Unfortunately, almost all the economic sectors play a role
in the CO, production and the complete elimination of the anthropogenic emissions of
carbon dioxide is not possible in the short term. Thus, one of the major scientific challenges
of this century is to find a solution to this problem. In addition to the reduction of the
emissions, three ways has emerged as the most promising and interesting tools to face the
carbon dioxide problem: Carbon Capture and Storage (CCS), Bioenergy from Carbon
Capture and Storage (BECCS) and Carbon Capture and Usage (CCU).
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Scheme 1: The carbon dioxide cycloaddition to three membered heterocycles.

The carbon dioxide cycloaddition to three membered heterocycles is an example of CCU
that can be exploited to mitigate the human influence on the climate change. Moreover,

this reaction is very promising because makes possible the synthesis of very useful fine

250



Summary

chemicals such as cyclic carbonates and oxazolidinones from a waste -as CO,- with a 100%
of atom economy. However, carbon dioxide is a very stable molecule and an efficient
catalytic species is needed to make the reaction proceeds by avoiding drastic conditions.

Even if the reaction between epoxides and CO; has been deeply studied in the last 20 years,
the analogous carbon dioxide cycloaddition to aziridines has been much less studied and
the conversion of N-aryl aziridines into corresponding oxazolidinones resulted challenging
and only few examples of efficient catalysts have been reported up to now. This work is
devoted to the study of porphyrins as organic catalysts of the carbon dioxide cycloaddition
both under homogeneous and heterogeneous conditions with the final the goal to improve

the sustainability of the production of cyclic carbonates and oxazolidinones.

Chapter I1: Homogeneous catalysts for the CO;

cycloaddition reaction

In this chapter the full organic catalytic meso-tetraphenyl porphyrin (TPPH,)/TBACI
combination has been studied in the synthesis of oxazolidinones and cyclic carbonates from
CO; and aziridines or epoxides, respectively. After the initial optimization of the
experimental conditions, this catalytic system was applied for converting a plethora of
different substrates into corresponding five-membered products. The gathered data made
possible to present the first general methodology for the conversion of N-aryl aziridines
and CO; into N-aryl oxazolidinones. Then, a tandem methodology for the production of
these useful molecules from aryl azides, styrenes and carbon dioxide has been presented.
This methodology resulted effective also in the synthesis of the pharmacologically active

oxazalidin-2-one 41.
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Scheme 2: tandem procedure for the preparation of oxazolidinones from styrenes, aryl azides and

carbon dioxide.

Encouraged by the good results obtained in these studies, the proposed catalytic procedure
was successfully extended to the reaction of CO, with N-alkyl aziridines and epoxides.
Moreover, different catalysts have been tested in combination with TBACI in order to shed
some light on the influences of the steric and electronic characteristic of the porphyrins on
the reaction productivity. Moreover, a first mechanistic study has been presented in

collaboration with Dr. Gabriele Manca of the ICCCOM-CNR of Sesto Fiorentino.

Chapter I11: Heterogeneous catalysts for the CO:

cycloaddition reaction

The heterogenization of the porphyrin onto a SBA-15 silica material has been proposed in
this chapter. To improve the reaction sustainability, the synthesis of an active
heterogeneous catalyst represents a crucial step to simplify the catalyst recovery and the
product purification. The possibility to combine the characteristics of a heterogeneous
catalyst with the high activity demonstrated by the TPPH,/TBACI homogeneous catalytic
system propelled the preparation of a hybrid material by supporting a free porphyrin onto
mesoporous SBA-15 silica trough covalent bondings. This solid support was selected
because it is easy to functionalize and the presence of silanols group onto its surface foster

the reactivity of epoxides towards CO,.
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Scheme 3: Synthesis of the hybrid catalyst 71.

The so-prepared catalyst, in combination with tetrabutyl ammonium iodide (TBAI) resulted
very active in the preparation of cyclic carbonates from the reaction of epoxides with CO,.
Then, the same catalytic system was successfully tested for the carbon dioxide
cycloaddition to N-alkyl aziridines. Finally, the supported porphyrin, in combination with
TBACI, represents the first heterogeneous catalyst active in the conversion of N-aryl
aziridines into N-aryl oxazolidinones.

The good results obtained with the three different classes of substrates, in combination
with the recyclability of the heterogeneous catalyst and the possibility to use it with up to
1.00 g of substrate, make this hybrid material an interesting candidate for further industrial

applications.
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